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ABSTRACT

Directional radiation of underwater acoustic energy is commonly achieved by
using transducer arrays containing many individual projectors arranged in a particular
geometry. One method, which avoids the complexity of a large array of separate
elements is to construct directional beam patterns by combining modes of vibration from
a single “multimode” projector. Piezoelectric ceramics, such as lead zirconate titanate
(PZT), have enabled the construction of most multimode transducers due to their ability
to be fabricated into many different shapes and sizes. However, there is little evidence
in the use of relaxor-based ferroelectric single crystals as a substitute for conventional
piezoelectric ceramics in multimode transducers. By virtue of its superior piezoelectric
material properties, relaxor-based ferroelectric single crystals offer dramatically
improved bandwidth and power output at reduced size and weight compared to their
polycrystalline ceramic counterparts.
This research explored the use of the ternary relaxor-based ferroelectric single
crystal system lead indium niobate-lead magnesium niobate-lead titanate (PIN-PMNPT) as the piezoelectric material in a multimode active-passive segmented cylinder
transducer. The transducer design utilized the highly anisotropic structure of relaxorbased single crystals to exploit the transverse 32-mode of operation. The segmented
construction included the minimum number of active elements required to perform
multimode superposition with omnidirectional (monopole), dipole, and quadrupole
vibration modes. The final configuration of the transducer maximized the coupling
between active and passive segments and converged upon a desired center frequency
that lied between the dipole and quadrupole resonances.

Two separate approaches were taken to investigate the frequency bandwidth of
directional beam patterns generated from a multimode active-passive segmented
cylinder transducer. The first method leveraged the finite element modeling software
COMSOL Multiphysics® to model and simulate the frequency response and beam
patterns of an individual segmented ring transducer. The second method involved
physically constructing a transducer and conducting in-water acoustic testing at the
Naval Undersea Warfare Center (NUWC) Division Newport – Dodge Pond Acoustic
Measurement Facility. Classical cardioid and narrow cardioid beam patterns were
selected to evaluate the ability of the transducer to generate directional responses
between 10 – 50 kHz. Through in-water acoustic testing; it was shown that directional
beam patterns could be well formed around 30 kHz, with modest directivity between 20
– 35 kHz. This demonstration of piezoelectric single crystals in a multimode transducer
contributes to the field of underwater acoustics by addressing needs in application areas
that require compact devices with the ability to form directional beam patterns over a
wide frequency bandwidth.
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CHAPTER 1

INTRODUCTION

1.1

Problem Statement

Applications requiring directional underwater acoustic transmissions are
growing in demand. Conventional applications of underwater acoustics typically suffer
from the inherent characteristics of the operating environment, such as multipath
propagation due to sound refraction in the water (Stojanovic, 2008). A way of mitigating
multipath propagation in an underwater environment is to use an acoustic source that is
capable of producing directional transmission of sound (Freeman, Emokpae, Nicholas,
and Edelmann, 2015). Directional radiation of underwater acoustic energy is commonly
achieved by using transducer arrays containing many individual projectors arranged in
a particular geometry. One method, which avoids the complexity of a large array of
separate elements is to construct a directional beam pattern by combining modes of
vibration from a single “multimode” transducer (Butler, Butler, and Rice, 2004).
Synthesizing directional beam patterns in this manner is possible by use of various
transducer geometries. Piezoelectric ceramics, such as lead-zirconate-titanate (PZT),
have enabled the construction of most multimode transducers due to their ability to be
fabricated into many different geometrical shapes. However, there is little evidence in
the use of single crystal ferroelectrics as a substitute for conventional piezoelectric
ceramics in multimode transducers. By virtue of its piezoelectric material properties,
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single crystal provides dramatically improved bandwidth and power output at reduced
size and weight compared to ceramic transducers (Stansfield, 2017). A relatively simple
design that enables integration of single crystal into a multimode geometry is the
segmented cylinder transducer (Butler and Sherman, 2016). Including single crystal as
the active material in a segmented cylinder transducer allows for an investigation of
performance enhancements that can be achieved in multimode operation. A segmented
cylinder transducer using piezoelectric single crystals has the potential to expand the
frequency bandwidth of multimode generated directional beam patterns, which directly
benefits applications requiring mitigation of multipath propagation in an underwater
environment, over a broad range of distance.

1.2

Literature Review

In general, an extensive amount of work has been performed conceiving,
analyzing, constructing, and testing transduction devices capable of multimode
operation. Synthesizing multiple vibration modes simultaneously to obtain desired
beam patterns from a single device has been demonstrated on various types of
transducers. Ko et al. developed models describing the combined acoustic response of
a spherical piezoceramic transducer due to the addition of higher order modes (Ko,
Brigham, and Butler, 1974; Ko and Pond, 1978). Butler et al. modified a class IV
flextensional transducer by exciting the piezoelectric element stack into both the
extensional (omni) and bending (dipole) modes to produce a directional beam pattern
(Butler, Butler, and Butler, 1992; Butler, Butler, Butler, and Cavanaugh, 1997). Hu et
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al. altered a class V flextensional transducer to use non-traditional flexural vibration
modes combined with proper excitation to produce a broadband directional transducer
(Hu, Hong, Yin, Lan, Sun, and Guo, 2021). These transducers constitute a small number
of multimode transducers that have been demonstrated to date.
A majority of the literature having to do with multimode operation has been
dedicated to transducers with a cylindrical shell geometry. One of the earliest
implementations of multimode operation was performed by Stanley Erlich on a
piezoelectric ceramic transducer with sectioned electrodes, as depicted in Figure 1
(Erlich, Serotta, and Kleinschmidt, 1959; Hueter, 1972; Erlich and Frelich, 1966).

Figure 1: Multimode cylinder transducer developed by Raytheon (Hueter, 1972)
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In this application, the electrode on the ring transducer was sectioned and
excited to form cardioid beam patterns by adding the omnidirectional (monopole) and
dipole modes together. The usage of the monopole and dipole modes of operation to
form directional beam patterns is seen in the literature for a number of cylinder
transducers. Aronov et al. demonstrated the usage of the monopole and dipole radiation
patterns to extend the operational bandwidth of a baffled piezoelectric cylindrical shell
transducer (Aronov, Brown, and Bachand, 2007; Oishi, Aronov, and Brown, 2007).
Conversely, Lim et al. used these two vibration modes to create a cardioid beam pattern
for a piezoceramic ring vector hydrophone (Lim, Joh, Seo, and Roh, 2013). McConnell
et al. provided a detailed analysis on the generation, optimization, and implementation
of cardioid beam patterns formed from the monopole and dipole modes of a cylindrical
multimode hydrophone (McConnell, Jensen, and Rudzinsky, 2006).
In a more recent development, Butler et al. introduced the quadrupole mode of
a piezoceramic cylinder as a higher order mode to be used in addition to the monopole
and dipole modes to obtain directional radiation patterns (Butler, Butler, and Rice, 2004;
Sineiro, 2003; Butler and Butler, 2003). Butler et al. later expanded their multimode
demonstration to a cylinder projector configured from a discrete number of piston (or
“Tonpilz”) transducers coupled to a common tail mass, as depicted in Figure 2 (Butler,
Butler, and Butler, 2011; Tocquet, 1978).
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Figure 2: A cylinder or ring that includes eight piezoelectric ceramic transducer stacks and pistons with a common tail mass (Butler, 2008)

In this implementation, piston ring transducers were developed using various
types of transduction materials. The transduction materials explored in this design
included PZT-8 ceramic, PMN-28%PT single crystal, and Terfenol-D magnetostrictive
material (Butler and Slaughter, 2008). Of all the reviewed literature, this particular
journal article is the only known demonstration of piezoelectric single crystal as the
active material in a multimode transducer. In their implementation of PMN-28%PT
single crystal, they designed a relatively complex transducer specifically for operation
over the same frequency band as the transducers using PZT-8 ceramic and Terfenol-D
magnetostrictive material. A slightly different approach is taken in this research such
that the transducer design is optimized for a more modern composition of single crystal
to investigate the operational bandwidth of directional beam patterns synthesized
through multimode operation.
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1.3

Scope

To understand the context of this research, it is important to begin by detailing
the focus of the text to a particular field of study. The overarching category that this
research falls into is the field of acoustics, which is a branch of physics that deals with
the generation, transmission, and reception of energy as vibrational waves in matter
(Kinsler, Frey, Coppens, and Sanders, 2000). To give a better understanding of the
breadth of acoustics and how it plays into everyday aspects of life, Figure 3 is supplied
below, which depicts the “Wheel of Acoustics” (BYU, 2021).

Figure 3: Robert Bruce Lindsay's "Wheel of Acoustics"
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The research presented in this thesis hones in on two subdisciplines of physical
acoustics – underwater sound and electroacoustics. In general, researchers in the field
of underwater acoustics are concerned with the study of naturally occurring and artificial
sounds in water. Human intervention in the field of underwater acoustics is physically
possible through the application of transduction devices. The use of sound in water
requires a transduction mechanism for its generation and reception. The most common
artificial method of producing underwater sound is through the use of an electroacoustic
transducer, which converts electrical energy to acoustical energy or vice versa (Butler
and Sherman, 2016). There are several types of electroacoustic transduction
mechanisms, but this research focuses on those that use piezoelectricity. Piezoelectric
transducers come in many different forms depending on their underwater application.
In general, if an underwater transducer is used solely as a receiver for converting
acoustic pressure variations to electrical output signals, it is usually referred to as a
hydrophone. An underwater transducer which is used primarily as an acoustic source,
by converting electrical to acoustic energy, is often called a projector (Butler and
Sherman, 2016). To demonstrate the objective of this research, a piezoelectric
transducer was used in the form of a projector. However, it is important to note that
piezoelectric transducers operate under the principal of reciprocity, which means they
can function as both a projector and hydrophone simultaneously. The decision to use
the piezoelectric transducer as either a projector or hydrophone is ultimately based upon
the application of the device.
Piezoelectric materials are the active element in piezoelectric transducers that
enable them to perform their intended electroacoustic functionality. To date, the vast
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majority of piezoelectric transducers used for underwater sound include piezoelectric
polycrystalline ceramics (or piezoceramics) in their design. The most prevalent type of
piezoceramic material used in underwater electroacoustic transducers is lead zirconate
titanate (PZT). From the early 1950s into the twenty first century, PZT ceramic
compounds have been the most widespread piezoelectric material used in underwater
sound transducers (Butler and Sherman, 2016). However, in the mid-1990s, new
piezoelectric single crystals emerged, notably lead magnesium niobate-lead titanate
(PMN-PT) and lead zinc niobate-lead titanate (PZN-PT), which showed promising
electromechanical characteristics (Zhang and Li, 2012; Sun and Cao, 2014). Since that
time, there have been advances in piezoelectric single crystal compositional variants
and manufacturing methods that have produced larger quantities and more desirable
material properties relevant to SONAR (SOund Navigation And Ranging) applications.
In an effort to demonstrate the current state-of-the-art in piezoelectric single crystals,
this research employs the material system lead indium niobate-lead magnesium niobatelead titanate (PIN-PMN-PT) as the active element in a piezoelectric transducer. With
the use of this material system, some of the initial drawbacks that inhibited the early
adoption piezoelectric single crystals for SONAR applications are no longer applicable,
which allows for its ease of integration into an underwater electroacoustic transducer.
The objective of this research is to include piezoelectric single crystals in an
underwater electroacoustic transducer to investigate the frequency bandwidth of
multimode generated directional acoustic radiation patterns. Multimode operation
involves the use of higher order vibration modes from a transducer geometry to produce
directional acoustic radiation patterns. In this research, the desired method of multimode
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operation requires the use of the omnidirectional (monopole), dipole, and quadrupole
modes of vibration. Therefore, the transducer design candidates are limited to those
capable of producing these vibration modes. The transducer design must also be able to
support the integration of single crystal, which has certain limitations from a fabrication
standpoint. To enable the combination of these features, an active-passive segmented
ring transducer was selected as the ideal design candidate. The cylindrical geometry of
the ring permitted for excitation of higher order modes of vibration if excited with
proper voltage and phase reversals. The segmented construction of the ring transducer
design allowed for controlled excitation over the piezoelectric single crystal elements,
which was required in the practical implementation of the multimode concept. This
transducer design offered a simple alternative to a previously demonstrated multimode
projector that employed piezoelectric single crystals.
The focus of this thesis is to outline all the critical topics that pertain to this
research in a cohesive manner where one subject builds upon the next until the objective
is ultimately demonstrated. Therefore, Chapter 2 begins by introducing the theory
behind piezoelectricity in an effort to highlight the differences between polycrystalline
ceramics and single crystal piezoelectric materials. In Chapter 3, a theoretical
development ensues to describe the relevant characteristics of an active-passive
segmented ring transducer, the concept of multimode operation, and the methodology
used to arrive at the physical design configuration. In Chapter 4, the basic transducer
design is imported into a finite element analysis (FEA) software package to predict
desired results and provide insight into the performance of the device in multimode
operation. In Chapter 5, a hands-on approach is taken to construct the intended
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transducer design to physically realize a device capable of demonstrating the research
objective. In Chapter 6, the fully constructed device is brought to an in-water acoustic
measurement facility to test in a real-world environment to evaluate the degree to which
the predicted results are physically realizable. Lastly, in Chapter 7, conclusions are
summarized and the entirety of the research project is reflected upon by evaluating the
methods used, the limitations encountered, the potential uses of the device, the future
work that should be pursued, and the overall contributions made to the pertinent field
of study.
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CHAPTER 2

PIEZOELECTRIC MATERIAL

2.1

Piezoelectricity

The fundamental mechanism of an underwater electroacoustic transducer is to
convert electrical energy to acoustical energy, and vice versa. In this thesis, the method
of reciprocating between electrical energy and acoustical energy is through the use of a
piezoelectric transducer. Piezoelectric transducers are able to accomplish this operation
because they contain piezoelectric materials that are electromechanically sensitive.
Piezoelectric materials are able to develop an electrical polarization (charge)
proportional to an applied mechanical stress or develop a mechanical strain
(deformation) proportional to an applied electric field (Zhang and Li, 2012; Sun and
Cao, 2014). This electromechanical mechanism arises in certain materials with crystal
structures that lack a center of symmetry such that an electric dipole moment forms and
creates spontaneous polarization (Wilson, 1985; Zhang and Li, 2012; Butler and
Sherman, 2016). In fact, many point group symmetries in crystal solids give rise to
piezoelectricity. These symmetries are subdivided into 32 point groups based on their
crystal structure, 20 of which have the type of asymmetry that give rise to an elasticelectric interaction (Wilson, 1985). Of these 20 piezoelectric crystal classes, 10
symmetries (1, 2, 𝑚, 𝑚𝑚2, 4, 4𝑚𝑚, 3, 3𝑚, 6, 6𝑚𝑚) contain a unique polar axis with
spontaneous electric polarization (Musgrave, 1970; Sun and Cao, 2014). The ability to
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use this special property of piezoelectric materials in transduction devices is the
principal means for human intervention in the field of underwater acoustics.
This chapter approaches the topic of piezoelectric materials in a manner relevant
to the field of underwater acoustic transducer design. Effective design of a piezoelectric
transducer requires knowledge of their constitutive relationship in order to properly
implement their material properties. Therefore, this chapter is outlined such that the first
technical subject introduced are the linear constitutive equations for piezoelectric
material. After establishing this initial understanding, the constitutive equations are then
applied to the crystal structures of piezoelectric ceramic and single crystal. The final
section of this chapter draws comparisons between the reduced material property
matrices to highlight the key differences and features of these piezoelectric materials.
However, before ensuing with a technical discussion of piezoelectric material, a brief
historical account is given on the topic, along with a number of interesting applications
related to the field of underwater acoustics.

2.1.1

History

There is an extensive history of artificial involvement in the field of
electroacoustics dating back more than 200 years. Instead of providing a detailed
historical account of electroacoustics for this entire time period, the discussion begins
at the discovery of piezoelectricity. It was in 1880 when the piezoelectric effect was
first discovered in 𝛼-quartz by Jacques and Pierre Curie (Zhang and Li, 2012; Sun and
Cao, 2014; Butler and Sherman, 2016; Stansfield, 2017). The original discovery was
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the “direct” piezoelectric effect, where an applied pressure generated an electrical
voltage from a quartz crystal. Soon after this demonstration, the “converse”
piezoelectric effect, originally predicted based on thermodynamic considerations, was
confirmed experimentally by the Curie brothers in 1881 (Zhang and Li, 2012). These
findings established that the piezoelectric effect was both linear and reciprocal.
Around the time of World War I, the threat posed by submarines spurred
innovation in the field of underwater acoustic transducers, as sound waves were the only
means available for practically signaling through the water (Butler and Sherman, 2016).
In early 1918, transducers using quartz were used for the first recorded detection of a
submarine (Butler and Sherman, 2016). The design improvement that enabled this
landmark achievement originated from Paul Langevin, who patented a transducer
design that sandwiched quartz between steel plates, as shown in Figure 4 (Butler and
Sherman, 2016).

Figure 4: British patent 145,691 July 28, 1921 of P. Langevin invention showing steel (g), quartz
(a), steel (g') sandwich transducer (Butler and Sherman, 2016)
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Since the World War II era, quartz has rarely been used for SONAR projectors
due to its low piezoelectric constant and electromechanical coupling factor, however it
remains an important piezoelectric material for certain applications. Other important
piezoelectric materials that were used in the early years of underwater acoustics
included Rochelle salt, ammonium dihydrogen phosphate (ADP), and lithium sulphate.
These piezoelectric materials had their application space, but one major disadvantage
was that they were soluble in water, meaning that special precaution had to be taken to
avoid the presence of even small amounts of moisture (Kinsler, Frey, Coppens, and
Sanders, 2000; Stansfield, 2017). In addition to their solubility, these materials were
expensive to cut and grind to the required and shape, restricted in size, and limited in
their piezoelectric properties, which has made their use in underwater transducers
nowadays quite rare (Stansfield, 2017).
A breakthrough occurred with the discovery of ferroelectric materials in mixed
oxide perovskites with the general formula ABX3, where ‘A’ and ‘B’ are two cations
and ‘X’ is an anion (frequently oxide O3). The first major milestone included the
development of barium titanate (BaTiO3) polycrystalline ceramics in the late 1940s
(Zhang and Li, 2012). Barium titanate ceramic had a much stronger piezoelectric effect
than quartz crystal, after being poled by an external electric field, which led to its
increased use in SONAR transducers (Sun and Cao, 2014). In the 1950s, ferroelectric
properties of the lead zirconate titanate (PZT) type were reported by Japanese workers,
which was soon followed by studies of their strong piezoelectric activity by the U.S.
National Bureau of Standards (Stansfield, 2017). The improved properties of PZT
ceramics along with their tailored compositions for particular applications displaced
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virtually all other piezoelectric materials previously used in SONAR projectors and
hydrophones for the next 50 years (Wilson, 1985; Sun and Cao, 2014).
Around the 1990s and early 2000s, ultrahigh electric-field induced strain and
superior electromechanical coupling properties were reported in binary lead magnesium
niobate-lead titanate (PMN-PT) relaxor-based ferroelectric single crystal systems
(Zhang and Li, 2012; Sun and Cao, 2014). The piezoelectric coefficients and
electromechanical coupling factors of these single crystals far outperformed state-ofthe-art PZT ceramics. In the past two decades, extensive studies have been carried out
on these relaxor-based ferroelectric single crystal systems including fundamental
research on the mechanism of the large piezoelectric effect, crystal growth techniques,
characterization of material properties, and innovative electromechanical applications
(Sun and Cao, 2014). Figure 5 illustrates the historical development of piezoelectric
materials in terms of their piezoelectric coefficients since the discovery of barium
titanate and lead zirconate titanate ceramics in the 1940s and 1950s up to the relaxorbased ferroelectric single crystal systems in the early 2000s.
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Figure 5: Historical development of perovskite-based piezoelectric materials in terms of piezoelectric coefficient 𝒅𝟑𝟑 (Sun and Cao, 2014)

Although the relaxor-based PMN-PT and PZN-PT single crystal systems
showed improved piezoelectric properties, their implementation has yet to meet
expectations due to their low Curie temperature and ferroelectric phase transition
temperature (Zhang and Li, 2012). Not only are the poor temperature stability of these
materials a concern, but their low coercive field brings up the issue of polarization
stability. This becomes a problem in high electric field applications, where a direct
current (DC) voltage bias is typically required to maintain the polarization of these
materials, which adds complexity and cost to driving electronics (Zhang and Li, 2012).
The drawbacks in the reliability of these initial relaxor-based single crystals systems
have led to widespread use of PZT ceramic compounds in SONAR transducers well into
the twenty-first century.
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The past decade of research has been dedicated to mitigating the pitfalls of
relaxor-based PMN-PT and PZN-PT single crystals systems. Among the material
systems investigated, lead indium niobate-lead magnesium niobate-lead titanate (PINPMN-PT) ternary single crystals have been found to extend the high electromechanical
properties to a broader range of temperature, electric field, and mechanical stress.
Compared to binary PMN-PT and PZN-PT crystals, the corresponding ternary PINPMN-PT crystals have more than twice the coercive field and about a 20°C higher
depoling temperature (Sun and Cao, 2014). The recent commercialization of ternary
PIN-PMN-PT single crystals enables transducer designers outside of academic
laboratories to explore the use of this piezoelectric material in a number of application
areas, including SONAR transducers.
Thus far, two generations of relaxor-based ferroelectric single crystal systems
have been mentioned in the historical account of piezoelectric materials. The first
generation consists of PMN-PT and PZN-PT binary single crystals, and the second
generation consists of PIN-PMN-PT ternary single crystals. There exists an additional
third generation of relaxor-based single crystals which is currently under investigation.
This third generation seeks to add minor compositional dopants to tailor the mechanical
parameters of ternary single crystals for high power applications in SONAR transducers,
ultrasonic motors, and piezoelectric transformers (Zhang and Li, 2012). Unfortunately,
this generation is not yet mature enough for commercialization and is currently only
available at specific research institutions actively involved in this field of material
science. Therefore, the research presented in this thesis leverages the current

17

commercially available state-of-the-art in relaxor-based ferroelectric single crystals,
which happens to be the second-generation ternary PIN-PMN-PT material system.

2.1.2

Applications

Nowadays, most electromechanical devices are made of piezoelectric materials.
Many naturally occurring and synthetic materials exhibit piezoelectricity, resulting in a
wide range of possible applications for the diverse spectrum of material properties.
Applied piezoelectric materials include bulk ceramics, single crystals, thin films,
textured ceramics, polymers, and composites (Zhang and Li, 2012). One of the bestknown modern applications of a piezoelectric material is the electric ignition lighter. In
this application, a quartz crystal is hit by a spring-loaded hammer that causes high
voltage electric current to flow across a small spark gap, thus heating and igniting a gas
to create a flame. Quartz is seen in a number of other commercial applications such as
frequency standards in wrist watches, electric filters and oscillators, and radio frequency
transmitters (Wilson, 1985; Kinsler, Frey, Coppens, and Sanders, 2000; Sun and Cao,
2014). Rochelle salt, another type of piezoelectric material, has been used in
phonograph pickups and microphones (Wilson, 1985). Piezoelectric materials are also
incorporated as the active element in many contemporary micro-electro-mechanical
systems (MEMS), with their ability to be fabricated into thin films (Sun and Cao, 2014).
These examples constitute a small number of interesting applications of piezoelectric
material.
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Innovative electromechanical devices continue to be the motivation for research
and development of new piezoelectric materials. Some of the most well-known
applications of electromechanical devices using piezoelectric materials are in sensors,
actuators, medical diagnostics and therapy, and underwater acoustics. Sensors are
devices that respond to and convert physical stimulus into a signal which can be
recorded (Zhang and Li, 2012). Piezoelectric sensors are especially advantageous since
no external source of power is required, which has resulted in their widespread use in
the measurement of force, torque, pressure, and acceleration. Piezoelectric actuators, on
the other hand, are devices used for positioning and controlling systems by converting
electrical voltage into physical motion. The extreme accuracy of piezoelectric actuators
has led to their extensive use in a broad range of applications such as precision
positioning, active damping, and adaptive optics (Zhang and Li, 2012). The most widely
studied application of piezoelectric materials are in ultrasound transducers, in which
electrical energy is converted to mechanical or acoustic energy. The two major
applications of ultrasound transducers are in medical ultrasonic imaging and underwater
acoustics. In the past few decades, ultrasonic imaging has become one of the most
powerful tools in medical diagnostics. Ultrasonic imaging offers excellent image
resolution, deep penetration capability, absence of harmful radiation, and relatively low
cost compared to computed tomography (CT), magnetic resonance imaging (MRI), and
X-ray imaging (Sun and Cao, 2014). SONAR projectors, which are the focus of this
thesis, are ultrasound transducers used underwater for a wide range of ocean engineering
applications.
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Applications of underwater acoustic transducers find use from both naval and
commercial perspectives. Echo ranging, which involves the use of underwater
electroacoustic projectors and hydrophones, is the primary technique for detection of
submarines and ships. Other naval applications include acoustic mines activated by
voltage from a hydrophone sensitive to the low frequency sound radiated by a moving
ship (Butler and Sherman, 2016). Torpedo SONAR systems require high frequency
directional arrays for acoustic homing and low frequency capability to detect ship
radiated noise (Butler and Sherman, 2016). Sonobuoys, which are expendable
hydrophones or projectors in combination with radio transmitters, are deployed from
aircraft and used for passive listening and echo ranging to communicate signals from
the undersea domain (Butler and Sherman, 2016). There also exist many commercial
applications of underwater acoustics, including depth sounding, bottom mapping, under
ice navigation, fish finding, oil and gas drilling operations, marine mammal and seismic
surveillance, and particle physics. All of these applications of underwater acoustics
require a large number of transducers with a great variety of special characteristics for
use over a wide range of frequency, power, size, weight, and water depth (Butler and
Sherman, 2016). The important thing to note here is that the overwhelming majority of
transducers used for these underwater acoustic applications have leveraged
conventional piezoelectric ceramics, such as PZT, which were developed in the 1950s.
The breakthroughs in recently commercialized relaxor-based ferroelectric single
crystals, particularly ternary PIN-PMN-PT, have the potential to improve performance
of underwater acoustic transducers used in many of these applications. These relaxorbased single crystals offer different characteristics that are not achievable in
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conventional polycrystalline ceramics. To properly implement single crystals in a
SONAR transducer, an understanding of their crystal structures and modes of operation
are required.

2.2

Piezoelectric Constitutive Equations

The operation of a piezoelectric material can be described through the use of
their constitutive equations. In the most general case, the piezoelectric constitutive
equations are derived from thermodynamic potential functions where thermal effects
are considered (Tiersten, 1969; Wilson, 1985). Although temperature dependent in
nature, most transducer design work is conducted using the piezoelectric constitutive
equations under adiabatic conditions (Butler and Sherman, 2016). With these
assumptions, the linear operation of piezoelectric material can be described in extended
tensor notation as
𝜎𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙 𝑆𝑘𝑙 − 𝑒𝑘𝑖𝑗 𝐸𝑘

(1)

𝐷𝑖 = 𝑒𝑖𝑘𝑙 𝑆𝑘𝑙 + 𝜀𝑖𝑘 𝐸𝑘

(2)

where 𝜎𝑖𝑗 is stress, 𝑐𝑖𝑗𝑘𝑙 is elastic stiffness, 𝑆𝑘𝑙 is strain, 𝑒𝑘𝑖𝑗 is piezoelectric stress, 𝐸𝑘
is electric field, 𝐷𝑖 is electric displacement, and 𝜀𝑖𝑘 is dielectric permittivity (Tiersten,
1969). The matrix notation with indices is more useful than the extended tensor notation
when discussing symmetry considerations for a given piezoelectric material. The matrix
notation with indices consists of replacing 𝑖𝑗 or 𝑘𝑙 by 𝑝 or 𝑞 with the shorthand notation
where 𝑖, 𝑗, 𝑘, and 𝑙 take the values 1, 2, and 3, and 𝑝 and 𝑞 take the values 1 – 6
according to the prescription in Table 1 (Tiersten, 1969). Furthermore,
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𝑐𝑖𝑗𝑘𝑙 = 𝑐𝑝𝑞

(3)

𝑒𝑘𝑖𝑗 = 𝑒𝑖𝑝

(4)

𝜎𝑖𝑗 = 𝑇𝑖𝑗 = 𝑇𝑝

(5)

which allow the constitutive relations to be written in the more familiar matrix format
as
𝐸
𝑇𝑝 = 𝑐𝑝𝑞
𝑆𝑞 − 𝑒𝑘𝑝 𝐸𝑘

(6)

𝑆
𝐷𝑖 = 𝑒𝑖𝑞 𝑆𝑞 + 𝜀𝑖𝑘
𝐸𝑘

(7)

𝐸
where the 𝐸 in 𝑐𝑝𝑞
denotes the short-circuit condition (electric field held constant) and
𝑆
the 𝑆 in 𝜀𝑖𝑘
implies perfect clamping of any motion (Stansfield, 2017).

Table 1: Shorthand notation for linear piezoelectric constitutive equations

𝒊𝒋 or 𝒌𝒍

𝒑 or 𝒒

11
22
33
23 or 32
31 or 13
12 or 21

1
2
3
4
5
6

The most convenient form of these equations removes the indices to observe the
constitutive equations in compressed form as matrices and vectors denoted by boldface
letters,
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𝑻 = 𝒄𝐸 𝑺 − 𝒆𝑡 𝑬

(8)

𝑫 = 𝒆𝑺 + 𝜺𝑆 𝑬

(9)

where the subscript 𝑡 in 𝒆𝑡 stands for the transposed matrix in which the rows and
columns are interchanged. Here the constitutive equations take on the so-called stresscharge form or “e-form” where the strain 𝑺 and electric field 𝑬 are independent
variables.

The constitutive equations take on different forms depending on the

particular set of independent variables convenient for a given problem (Wilson, 1985).
When stress 𝑻 and electric field 𝑬 become the independent variables, the constitutive
equations take on the so-called strain-charge form or “d-form”:
𝑺 = 𝒔𝐸 𝑻 + 𝒅𝑡 𝑬

(10)

𝑫 = 𝒅𝑻 + 𝜺𝑇 𝑬

(11)

where 𝒔𝐸 is the compliance at constant electric field (short-circuit condition), 𝒅 is the
piezoelectric strain constant, and 𝜺𝑇 is the permittivity at constant stress (no force
resisting the displacement). From the constitutive equations of stress-charge and straincharge form, the following relationships can be made (Su, 2016):
𝒄𝐸 = (𝒔𝐸 )−1

(12)

𝒆 = 𝒅(𝒔𝐸 )−1

(13)

𝜺𝑆 = 𝜺𝑇 − 𝒆𝒅𝑡

(14)

and

Use of the constitutive equations in the strain-charge form is most convenient when
operating the piezoelectric material in a projector application (Stansfield, 2017). In the
strain-charge form of the constitutive equations, 𝑺 and 𝑻 are 1 × 6 column matrices, 𝑬
23

and 𝑫 are

1 × 3 column matrices, 𝒔𝐸 is a 6 × 6 matrix of elastic compliance

coefficients, 𝒅 is a 3 × 6 matrix of piezoelectric strain coefficients, and 𝜺𝑇 is a 3 × 3
matrix of permittivity coefficients. Representing the equations with the elastic,
dielectric, and piezoelectric constants as full matrices for an arbitrarily anisotropic
(triclinic) material without a center of symmetry yields:

𝐸
𝑠𝑝𝑞

𝑑𝑖𝑞

𝑠11
𝑠12
𝑠
= 𝑠13
14
𝑠15
[ 𝑠16

𝑑11
= [ 𝑑21
𝑑31
𝑇
𝜀𝑖𝑘

𝑠12
𝑠22
𝑠23
𝑠24
𝑠25
𝑠26

𝑠13
𝑠23
𝑠33
𝑠34
𝑠35
𝑠36

𝑠14
𝑠24
𝑠34
𝑠44
𝑠45
𝑠46

𝑠15
𝑠25
𝑠35
𝑠45
𝑠55
𝑠56

𝑠16
𝑠26
𝑠36
𝑠46
𝑠56
𝑠66 ]

(15)

𝑑12
𝑑22
𝑑32

𝑑13
𝑑23
𝑑33

𝑑14
𝑑24
𝑑34

𝑑15
𝑑25
𝑑35

𝑑16
𝑑26 ]
𝑑36

(16)

𝜀11
= [ 𝜀12
𝜀13

𝜀12
𝜀22
𝜀23

𝜀13
𝜀23 ]
𝜀33

(17)

where there are 21 elastic, 18 piezoelectric, and 6 dielectric constants (Tiersten, 1969).
In total, these equations produce 45 independent constants when considering a
piezoelectric material with no symmetry. The macroscopic symmetry conditions for
piezoelectric ceramic and single crystal greatly reduce the number of independent
constants present in these material property matrices, as described in their respective
sections within this chapter. Full matrix material constants, or a complete set of elastic,
dielectric, and piezoelectric constants, are the basic physical parameters for a
piezoelectric material and necessary in the design of an electromechanical device (Sun
and Cao, 2014).
A special convention is used for piezoelectric material to indicate the mode of
operation based on the direction of poling and induced strain. The convention used in
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describing the properties of piezoelectric materials is to define the direction of poling
as the z-axis or the 3-axis irrespective of the specific crystallographic direction (Wilson,
1985; IEEE, 2017). Therefore, the piezoelectric strain 𝑑𝑖𝑞 or coupling coefficients 𝑘𝑖𝑞
are defined based on the convention:
𝑑 [poling direction] [strain direction]

(18)

Using this notation, the piezoelectric strain constant 𝑑33 is said to operate in the
longitudinal 33-mode when the direction of strain is parallel to the poling direction,
whereas 𝑑31 or 𝑑32 indicate the transverse 31- or 32-mode when the strain is orthogonal
to the poling direction, regardless of which crystallographic direction is poled (IEEE,
2017).

2.3

Piezoelectric Ceramics

For a number of practical reasons, the materials used in transducers for
underwater sound are ceramics, which are polycrystalline materials (Wilson, 1985). In
a polycrystalline ceramic the crystals are randomly oriented, and any linear piezoelectric
effects in these crystals average out to zero because the piezoelectric effects in a given
direction are randomly positive and negative (Woollett, 1990). The favorable
characteristics of ceramic materials combined with their ability to be made into a great
variety of shapes and sizes, as shown in Figure 6, have led to their prevalent use in
transducers for underwater sound (Wilson, 1985; Stansfield, 2017; Urick, 1975; Kinsler,
Frey, Coppens, and Sanders, 2000).
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Figure 6: An illustration of the wide variety of available sizes and shapes of piezoelectric ceramic
elements. Included in this photograph are plates, bars, rings (both radially and circumferentially
polarized), spheres, and small composite vibrators (Wilson, 1985).

Interest in piezoelectric ceramics spawned as a result of their inherently
ferroelectric and electrostrictive properties. Ferroelectricity occurs in materials that lack
symmetry in their ionic structure, resulting in a spontaneous electric polarization
reversable by an externally applied electric field (Stansfield, 2017). Electrostriction
occurs in all dielectric materials including solids, liquids, and gases, meaning that an
applied electric field may induce mechanical strain, but the reciprocal electrical
response is not produced by an applied mechanical stress (Woollett, 1990; Butler and
Sherman, 2016). The behavior of a ferroelectric electrostrictive ceramic material is
made piezoelectric by application of a high electrostatic potential gradient while raised
above a critical temperature known as the Curie temperature 𝑇𝐶 (about 120°C,
depending on composition), with maintenance of the external voltage during cooling
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(Kinsler, Frey, Coppens, and Sanders, 2000). This treatment is known as “poling”,
which has the effect of rotating the domains permanently into a preferred direction, thus
introducing asymmetry into the properties of the material (Stansfield, 2017). Once the
permanent polarization has been induced in these ceramics through the poling process,
they are then effectively piezoelectric under a reasonable range of inputs and small
signal conditions (Woollett, 1990; Stansfield, 2017). The piezoelectric ceramic after
polarization converts from an isotropic polycrystalline material to a material with planar
isotropy in planes perpendicular to the polar axis (Butler and Sherman, 2016).
The two types of piezoelectric ceramic materials most commonly used for
transducer applications are solid solution compositions based on barium titanate (BT)
and lead zirconate titanate (PZT). The large remanent polarization (or high coercive
field) present in BT and PZT allows for the material to be used without maintenance of
an externally applied DC voltage bias (Woollett, 1990). Of these two material systems,
the PZT type have become the preferred material by most transducer designers due to
their relatively high electromechanical coupling coefficients, compared to BT, and
because the ceramic compositions can be fabricated with properties appropriate to a
particular application (Wilson, 1985). This led to the development of a military
specification for transducer ceramics known as MIL-STD-1376 (SHIPS), which
classified the material into four basic types (Wilson, 1985). The four types of
piezoelectric ceramic were divided into two main classes; those of the “harder” type
(Navy Type I and III) with the ability to withstand high electrical drive levels for
projector applications and those of the “softer” type (Navy Type II and IV) to be used
in acoustic sensors, hydrophones, and accelerometers (Wilson, 1985).
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For a transducer designer to utilize a piezoelectric ceramic, knowledge of the
material symmetry is required. Prior to poling, the macroscopic symmetry of the
piezoelectric ceramic is averaged as an isotropic material (Stansfield, 2017). After
poling the material, the ceramic develops a polar axis of symmetry, meaning that it has
planar isotropy in the planes perpendicular to the poling direction. Therefore, the poled
ceramic has the same type of elastic, piezoelectric, and dielectric matrices as crystals of
the hexagonal class (i.e., Shoenflies notation 𝐶6𝑉 or Harmann-Mauguin symbol 6𝑚𝑚),
which allows the 45 unique components of the most general triclinic case to reduce to
10 independent constants (Musgrave, 1970; Woollett, 1990). The following equalities
between elastic compliances are nonzero as a consequence of the planar isotropy:
1
𝑠11 = 𝑠22 , 𝑠33 ; 𝑠12 , 𝑠13 = 𝑠23 ; 𝑠44 = 𝑠55 ; 𝑠66 = (𝑠11 − 𝑠12 )
2

(19)

where the equality between the shear compliances in 𝑠66 make this particular media
𝐸
transversely isotropic (Musgrave, 1970). The reduced elastic compliance 𝑠𝑝𝑞
,
𝑇
piezoelectric strain 𝑑𝑖𝑞 , and dielectric permittivity 𝜀𝑖𝑘
matrices may be written as

𝐸
𝑠𝑝𝑞

𝑠11
𝑠12
𝑠
= 13
0
0
[0

𝑑𝑖𝑞

0
=[ 0
𝑑31
𝑇
𝜀𝑖𝑘

𝑠12
𝑠11
𝑠13
0
0
0

𝑠13
𝑠13
𝑠33
0
0
0

0
0
𝑑31
𝜀11
=[ 0
0

0
0
0
𝑠44
0
0

0
0
𝑑33

0
0
0
0
𝑠44
0

0
𝑑15
0

0
𝜀11
0

0
0]
𝜀33
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𝑑15
0
0

0
0
0
0
0
𝑠66 ]

(20)

0
0]
0

(21)

(22)

𝐸
where there are five elastic compliance constants 𝑠𝑝𝑞
, three piezoelectric strain
𝑇
constants 𝑑𝑖𝑞 , and two dielectric permittivity constants 𝜀𝑖𝑘
, yielding a total of 10

independent material properties for permanently poled piezoelectric ceramics. For the
purpose of comparison to single crystal, the material properties of a commonly used
piezoelectric ceramic (PZT-4) for projector applications is included in APPENDIX A.
The comparison between piezoelectric ceramic and single crystal reveals a drastic
difference in the piezoelectric strain 𝑑𝑖𝑞 and electromechanical coupling coefficients
𝑘𝑖𝑞 amongst these two materials.

2.4

Piezoelectric Single Crystals

Natural and synthetic piezoelectric materials come in many different forms and
are applied in areas where their properties are well suited. One of these forms is that of
a single crystal (or monocrystalline) solid, where the crystal lattice in the material is
continuous and unbroken to the edges of the sample, with no grain boundaries
(Musgrave, 1970). In contrast, polycrystalline materials are solids composed of many
crystallites of random size and orientation, as shown in Figure 7.

Figure 7: Structure of (a) single crystal and (b) polycrystalline ceramic
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For many reasons, the piezoelectric material used in most SONAR transducers
are polycrystalline ceramics. The prevalence of piezoelectric ceramics in underwater
acoustic transducers are due primarily to their stability with high temperature,
mechanical stress, and electric field. These characteristics are important under naval
operating conditions, but they come at the expense of reduced piezoelectric performance
in terms of their strain and electromechanical coupling coefficients. The contrary exists
in piezoelectric single crystals, where their piezoelectric properties are far superior to
polycrystalline ceramics, but at the expense of reduced stability to characteristics
relevant under naval operating conditions. To make single crystal more advantageous
for applications that require high stability under these field conditions, extensive effort
has been dedicated to alleviate these issues (Zhang and Li, 2012; Sun and Cao, 2014).
This path of improvement began with the observation of high piezoelectric performance
in binary relaxor-based single crystals, such as PMN-PT and PZN-PT systems, and has
led to improved materials, like the ternary PIN-PMN-PT system, which has
electromechanical properties stable over a broader range of temperature, electric field,
and mechanical stress. Only recently has the ternary relaxor-based single crystal system
PIN-PMN-PT seen commercialization, allowing its unique properties to be applied to a
number of application areas.
Instead of providing a detailed background on the various parameters that result
in a piezoelectric material having increased stability under naval operating conditions,
this research focuses on the basic properties required for transducer design. The
properties most relevant to transducer design are those needed to model the piezoelectric
material, which include the elastic, dielectric, and piezoelectric matrices. For a
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transducer designer to arrive at these matrices, a number of things need to be known
about the piezoelectric material. To focus the derivation, the piezoelectric material is
limited to the ternary relaxor-based single crystal system, PIN-PMN-PT, which is the
desired variant for demonstration of the research objective. This material is the current
state-of-the-art in relaxor-based single crystals, commercially available in large
quantities, and has electromechanical properties beneficial to SONAR transducers
under naval operating conditions.
Before ensuing with the derivation of the material properties for this variant of
single crystal, a few aspects important to the discussion need to be stated. First and
foremost is the use of the term “relaxor” when referring to relaxor-based single crystal
systems. The term “relaxor” in relaxor-based ferroelectric single crystals refers to the
diffuse frequency dispersion of the dielectric constant maximum as a function of
temperature (Sun and Cao, 2014). This feature is in contrast to the sharp peak of the
dielectric constant maximum found in normal ferroelectric materials, such as barium
titanate (BT) and lead zirconate titanate (PZT). Secondly, the specific composition of a
ferroelectric solid solution is an important factor in the determination of the crystal
phase, and ultimately the macroscopic symmetry of the material (Sun and Cao, 2014).
The phase of the crystal is found from the phase diagram for a particular composition
of a material system. Figure 8 provides the phase diagram of the ternary PIN-PMN-PT
single crystal system, where the morphotropic phase boundary (MPB) is indicated by
the dashed line between rhombohedral and tetragonal phases (Sun and Cao, 2014). The
MPB is a compositional boundary between two different structural phases (Sun and Cao,
2014).
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Figure 8: Phase diagram for the ternary PIN-PMN-PT single crystal system near the MPB (Sun
and Cao, 2014). The red star indicates the material composition 24%PIN-47%PMN-29%PT.

The composition of the ternary single crystal system PIN-PMN-PT was limited
to what was commercially available from manufacturers of the material. The individual
components of the ternary single crystal system were selected as 24% PIN, 47% PMN,
and 29% PT in composition (i.e., 24% PIN-PMN-PT), which yielded a rhombohedral
phase crystal. Lastly, it is important to note a key difference that arises in the poling
process between piezoelectric ceramics and relaxor-based single crystals. In
piezoelectric ceramics, the macroscopic symmetry converts from isotropic to
transversely isotropic regardless of the poling direction. Relaxor-based single crystals
are more complicated in that their macroscopic symmetry is dependent on the direction
of poling and crystal phase (Sun and Cao, 2014). The technique of controlling the poling
direction to produce a desired crystal symmetry is known as domain engineering. Use
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of the domain engineering method with relaxor-based single crystals offers unique
characteristics and modes of operation that are not possible in piezoelectric ceramics.
Two separate poling directions were selected as examples to demonstrate the
different crystal symmetries that can arise from the ternary relaxor-based single crystal
system 24%PIN-PMN-PT. It is standard practice to pole the crystal by associating the
material to the pseudocubic crystallographic axes of the prototype cubic symmetry, as
shown in Figure 9 (IEEE, 2017).

Figure 9: Crystallographic indices on the basis of perovskite unit cell. The axes refer to the pseudocubic crystallographic axes (IEEE, 2017).

The poling direction is then oriented with respect to the axes of reference, as
shown in Figure 11 (IEEE, 2017). The poling direction automatically defines the three
crystallographic axes (IEEE, 2017). The two poling directions selected for
demonstration are the [001] and [011] directions. Crystals poled in the [001] direction
with the working electrodes normal to the [001] direction (see Figure 10(a)) offer large
longitudinal mode piezoelectric coefficients 𝑑33 , as notated in Figure 12 (IEEE, 2017).
Large transverse piezoelectric coefficients 𝑑32 are obtained from crystals poled in the
[011] direction with electrodes on the faces perpendicular to the poling direction (IEEE,
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2017). The transverse direction with the largest piezoelectric coefficient in the crystal
is [100] (see Figure 10(b)), as notated in Figure 12 (IEEE, 2017).

Figure 10: Examples of the correlation between crystallographic orientations, poling direction,
and piezoelectric mode of operation (IEEE, 2017)
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Figure 11: Crystallographic axes of reference (IEEE, 2017)

Figure 12: Axes of reference and piezoelectric coefficients. For the [001] and [011] poling directions, the principle direction of maximum strain is represented in the table in bold type (IEEE,
2017).
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To derive the material property matrices for ternary 24%PIN-PMN-PT single
crystal poled along the [001] and [011] directions, knowledge of the material symmetry
is required. The composition of this ternary relaxor-based single crystal at room
temperature yields a rhombohedral symmetry 3𝑚 before poling (Sun and Cao, 2014).
After poling the rhombohedral phase crystal along the [001] direction, a tetragonal
4𝑚𝑚 macroscopic symmetry is developed (Zhang and Li, 2012; Sun and Cao, 2014).
This allows the 45 unique components of the most general triclinic symmetry case to
reduce to 11 independent constants (Musgrave, 1970; Zhang and Li, 2012; Sun and Cao,
2014). The following equalities between elastic compliances are nonzero as a
consequence of the tetragonal macroscopic 4𝑚𝑚 symmetry:
𝑠11 = 𝑠22 , 𝑠33 ; 𝑠13 = 𝑠23 , 𝑠12 ; 𝑠44 = 𝑠55 , 𝑠66

(23)

𝐸
where 𝑠66 in this case is an independent constant. The reduced elastic compliance 𝑠𝑝𝑞
,
𝑇
piezoelectric strain 𝑑𝑖𝑞 , and dielectric permittivity 𝜀𝑖𝑘
matrices may be written as

𝐸
𝑠𝑝𝑞

𝑠11
𝑠12
𝑠
= 13
0
0
[0

𝑑𝑖𝑞

0
=[ 0
𝑑31
𝑇
𝜀𝑖𝑘

𝑠12
𝑠11
𝑠13
0
0
0

𝑠13
𝑠13
𝑠33
0
0
0

0
0
𝑑31
𝜀11
=[ 0
0

0
0
0
𝑠44
0
0

0
0
𝑑33

0
0
0
0
𝑠44
0

0
𝑑15
0

0
𝜀11
0

0
0]
𝜀33

𝑑15
0
0

0
0
0
0
0
𝑠66 ]

(24)

0
0]
0

(25)

(26)

𝐸
where there are six elastic compliance constants 𝑠𝑝𝑞
, three piezoelectric strain constants
𝑇
𝑑𝑖𝑞 , and two dielectric permittivity constants 𝜀𝑖𝑘
, yielding a total of 11 independent
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material properties for [001] poled piezoelectric single crystal. After poling the
rhombohedral phase crystal along the [011] direction, an orthorhombic 𝑚𝑚2
macroscopic symmetry is developed (Zhang and Li, 2012; Sun and Cao, 2014). This
allows the 45 unique components of the most general triclinic symmetry case to reduce
to 17 independent constants (Musgrave, 1970; Zhang and Li, 2012; Sun and Cao, 2014).
The following elastic compliances are nonzero as a consequence of the orthorhombic
macroscopic 𝑚𝑚2 symmetry:
𝑠11 , 𝑠22 , 𝑠33 ; 𝑠12 , 𝑠13 , 𝑠23 ; 𝑠44 , 𝑠55 , 𝑠66

(27)

𝐸
The reduced elastic compliance 𝑠𝑝𝑞
, piezoelectric strain 𝑑𝑖𝑞 , and dielectric permittivity
𝑇
𝜀𝑖𝑘
matrices may be written as

𝐸
𝑠𝑝𝑞

𝑠11
𝑠12
𝑠
= 13
0
0
[0

𝑑𝑖𝑞

0
=[ 0
𝑑31
𝑇
𝜀𝑖𝑘

𝑠12
𝑠22
𝑠23
0
0
0

𝑠13
𝑠23
𝑠33
0
0
0

0
0
𝑑32
𝜀11
=[ 0
0

0
0
0
𝑠44
0
0

0
0
𝑑33

0
0
0
0
𝑠55
0

0
𝑑24
0

0
𝜀22
0

0
0]
𝜀33

𝑑15
0
0

0
0
0
0
0
𝑠66 ]

(28)

0
0]
0

(29)

(30)

𝐸
where there are nine elastic compliance constants 𝑠𝑝𝑞
, five piezoelectric strain constants
𝑇
𝑑𝑖𝑞 , and three dielectric permittivity constants 𝜀𝑖𝑘
, yielding a total of 17 independent

material properties for [011] poled piezoelectric single crystal. For reference, material
properties for ternary 24%PIN-PMN-PT single crystal poled along the [001] and [011]
directions are provided in APPENDIX A.
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2.5

Piezoelectric Material Comparison

Relaxor-based ferroelectric single crystals and polycrystalline ceramics are
piezoelectric materials used in ultrasonic transducers for a number of applications. The
properties of polycrystalline ceramics have been advantageous for SONAR transducer
applications because they are stable over a wide range of temperature, electric field, and
mechanical stress. The drawbacks of polycrystalline ceramics are their poor
electromechanical performance compared to relaxor-based ferroelectric single crystals.
The primary difference between these two materials lies at the microstructural level. In
polycrystalline ceramics, the microstructure consists of randomly oriented grains
aligned in a specific crystallographic orientation. On the contrary, the microstructure of
a single crystal material consists of unit cells with the same orientation throughout the
entire material (Stansfield, 2017). As a result, their electromechanical performance
differs because of their respective mechanisms for piezoelectricity.
Prior to the discovery of relaxor-based single crystals, the highest performance
was found in compositions of PZT, where their longitudinal piezoelectric strain 𝑑33 and
electromechanical coupling coefficients 𝑘33 varied on the order of 200 – 700 pC/N and
0.6 – 0.7, respectively (Zhang and Li, 2012). The longitudinal piezoelectric strain and
electromechanical coupling coefficients for single crystal are generally on the order of
1500 pC/N and ~0.9, respectively, which far outperform state-of-the-art polycrystalline
ceramics (Zhang and Li, 2012). The primary reason single crystals exhibit much larger
strain compared to conventional PZT ceramics is due to their ability to orient the domain
configuration into a particular crystallographic direction. Crystal structure symmetries

38

are created through the domain engineering process, which lead to the enhancement of
particular functional and piezoelectric properties (Sun and Cao, 2014). The functional
properties that arise from single crystals are due to their highly anisotropic
characteristics, which allows transducer designers to exploit modes of operation that are
unattainable in polycrystalline ceramics.
Table 40 is provided in APPENDIX A to illustrate a material property
comparison between relaxor-based single crystals and polycrystalline ceramics. Table
40 lists the full elastic, piezoelectric, and dielectric matrices that are required to model
and simulate a piezoelectric material. In Table 40, the piezoelectric material PZT-4 is
provided as a common example of a polycrystalline ceramic for projector applications.
In addition, material properties are provided for 24%PIN-PMN-PT single crystal poled
along the [001] and [011] directions. For 24%PIN-PMN-PT poled along the [001]
direction, the maximum strain is oriented normal to the working electrodes, such that
the piezoelectric coefficient 𝑑33 achieves its highest value in the 33-mode of operation.
𝐸
In this case, the single crystal elastic coefficient 𝑠33
is approximately three times more

compliant, the piezoelectric coefficient 𝑑33 produces four times as much strain for a unit
𝑇
of voltage, the free dielectric permittivity constant 𝜀33
is three to four times larger, and

the electromechanical coupling coefficient 𝑘33 is nearly 20% higher compared to PZT4 operating in the 33-mode. For 24%PIN-PMN-PT poled along the [011] direction, the
orthorhombic symmetry of the crystal structure yields a maximum strain orthogonal to
the working electrodes, such that the piezoelectric coefficient 𝑑32 achieves its highest
value in the 32-mode of operation. Comparison of 24%PIN-PMN-PT poled along the
[001] and [011] directions reveal a similar order of magnitude for the material properties,
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which demonstrates the versatility of single crystal to achieve similar electromechanical
performance in both the 33- and 32-modes of operation. In addition to having minimal
impact on piezoelectric performance, the 32-mode of operation also implies the
possibility of lower drive levels and simplified construction for transducer design
(Zhang and Li, 2012).
A few other implications to transducer design can be made from the material
property comparison between polycrystalline ceramic and single crystal. The significant
increase in electromechanical coupling and piezoelectric strain coefficients means that
very wide bandwidth and very powerful transducers can be developed (Butler and
Sherman, 2016; Stansfield, 2017). Alternatively, single crystal has a much higher elastic
compliance constant, which means that lower frequency and more compact versions of
transducers can be designed (Zhang and Li, 2012; Stansfield, 2017). The combination
of enhanced electromechanical properties, increased material stability, and versatile
domain configurations present in the ternary relaxor-based single crystal system
24%PIN-PMN-PT lend themselves well to a superior SONAR transducer design
compared to their polycrystalline ceramic counterparts.
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CHAPTER 3

ANALYTICAL MODELING AND DESIGN OF A MULTIMODE
SEGMENTED RING TRANSDUCER

3.1

Segmented Ring Transducer

A piezoelectric ring, or short thin-walled cylinder, is one of the most common
forms of underwater transducer used in both projector and hydrophone applications
(Butler and Sherman, 2016). The piezoelectric ring projector is commonly operated in
the 31-mode. In this configuration, the ring has electrodes on the inner and outer
cylindrical surface areas and the piezoelectric material is polarized in the
circumferential direction. Therefore, an electric field applied over the electrodes
produces circumferential strain in the piezoelectric material, which results in radial
vibrations from the ring. The performance of this simple configuration can be enhanced
with a segmented construction, where piezoelectric elements are cemented together in
mechanical series with electrodes between them, as depicted below in Figure 13 (Butler
and Sherman, 2016).

41

Figure 13: Circumferentially poled (33-mode) segmented ring with inactive segments (i) interlaced with active piezoelectric segments (a). The arrows show the direction of remanent polarization (Butler and Sherman, 2016).

In the segmented construction, bars or staves of piezoelectric material can be
operated in the 33-mode, which results in increased performance. In this configuration,
the direction of applied electric field and strain in the piezoelectric material are both
oriented along the circumference to produce cylindrical vibrations from the ring. The
segmented construction also allows for the addition of inactive (or passive) materials to
modify the electroacoustic performance (Butler and Sherman, 2016).
In this research, the active-passive segmented ring was selected as the transducer
for demonstration of piezoelectric single crystals. The configuration of the activepassive segmented ring transducer was chosen to operate using the 32-mode. The 32mode of operation is a unique property that arises in piezoelectric single crystals and
offers benefits to the transducer design from a construction standpoint, without
significant degradation in performance. Similar to the 31-mode ring, the 32-mode ring
allows for the electrodes to be placed on the inner and outer cylindrical surface areas
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and the polarization of the piezoelectric material to be oriented in the circumferential
direction. From a practical standpoint, this allows all electrical wiring to be contained
within the ring and excludes the need for additional electrodes between staves, which
may act to modify the effective elastic compliance in the circumferential direction.
To describe the 32-mode operation of piezoelectric single crystals in the activepassive segmented ring transducer, the linear constitutive equations for piezoelectric
material were reworked. Then equations of motion were developed using the linear
constitutive relationship to analytically describe the radial vibrations from the activepassive segmented ring transducer. Afterwards, the analytical model was extended to
an equivalent circuit to model the effects of in-water radiation loading on the transducer
and electrical loss conductance in the piezoelectric material. Lastly, a finite element
formulation ensues to describe the performance parameters relevant to this research,
which include resonance and anti-resonance frequency as well as the impedance
function. The resonance, anti-resonance, and impedance function are the important
parameters for estimating the performance of the 32-mode active-passive segmented
ring transducer.

3.1.1

Geometry and Mass

To begin with the analytical development, the active-passive segmented ring
was described in terms of its geometry and mass. As illustrated in Figure 13, the
segmented ring consists of active (subscript 𝑎) and inactive (subscript 𝑖) staves. The
cross sections of the ring transducer consist of thickness 𝑡 and length 𝐿 . The

43

circumference of the ring is 2𝜋𝑎 = 𝑛(𝑤𝑖 + 𝑤𝑎 ), where 𝑎 is the mean radius, 𝑛 is the
number of active and inactive segments, and 𝑤𝑖 and 𝑤𝑎 are the inactive and active
widths or arc lengths. Therefore, the mass of the ring can be formulated as
𝑀 = 𝑛𝐴𝑐 (𝑤𝑖 𝜌𝑖 + 𝑤𝑎 𝜌𝑎 )

(31)

where 𝐴𝑐 = 𝑡𝐿 is the cross-sectional area between staves, and 𝜌𝑖 and 𝜌𝑎 are the
densities of inactive and active segments. The circumference can be reduced to describe
an individual arc of 𝑑𝜃 that consists of an inactive and active stave,
𝑑𝜃 =

2𝜋
= 𝑑𝜃𝑖 + 𝑑𝜃𝑎
𝑛

(32)

where 𝑑𝜃𝑖 = 𝑤𝑖 /𝑎 and 𝑑𝜃𝑎 = 𝑤𝑎 /𝑎 are the arcs of inactive and active segments,
respectively. This allowed for definition of a new term for control of the ratio of active
to inactive material 𝜂,
𝜂=

𝑑𝜃𝑎
.
𝑑𝜃𝑖 + 𝑑𝜃𝑎

(33)

The inactive material arc 𝑑𝜃𝑖 can be written in terms of the ratio of active to inactive
material 𝜂 and an individual arc of active and inactive material 𝑑𝜃,
𝑑𝜃

𝑑𝜃𝑖 =
(1 +

.
𝜂
)
(1 − 𝜂)

(34)

Similarly, the active material arc 𝑑𝜃𝑎 can be defined in terms of the ratio of active to
inactive material 𝜂 and the inactive material arc 𝑑𝜃𝑖 ,
𝑑𝜃𝑎 =

𝜂
𝑑𝜃 .
(1 − 𝜂) 𝑖

(35)

From a design perspective, the previously defined equations allowed for an
analytical construction of the active-passive segmented ring transducer using the mean

44

radius 𝑎, thickness 𝑡, length 𝐿, the ratio of active to inactive material 𝜂, and the number
of active and inactive segments 𝑛. Defining these terms sets a design foundation, as the
geometry of the segmented cylinder is dependent upon these parameters.

3.1.2

Constitutive Equations

The linear constitutive equations for the piezoelectric material in the activepassive segmented ring transducer were formulated in the strain-charge form (or “dform”). The constitutive equations in strain-charge form were reduced by applying
several assumptions to the independent variables of stress 𝑇 and electric field 𝐸. It is
important to note that shorthand notation is used throughout the analytical development
of the constitutive equations and the 1-2-3 directions correspond to the axial,
circumferential, and radial directions of the ring. In general, the ring is assumed to be
short in length 𝐿 and thin in the thickness 𝑡 direction, which allows specific components
of the constitutive equations to be negligible. Due to the short thin-walled nature of the
ring, it was assumed that there were no shear stresses acting on the transducer, which
allowed 𝑇4 = 𝑇5 = 𝑇6 = 0. With the electric field applied in the radial direction through
the thickness of active segments in the ring, 𝐸1 = 𝐸2 = 0. Then by assuming that stress
and strain only occur in the circumferential direction (i.e., 𝑇1 = 𝑇3 = 0 and 𝑆1 = 𝑆3 =
0), the linear constitutive equations for the piezoelectric material were reduced to:
𝑆2 = 𝑠22 𝐸 𝑇2 + 𝑑32 𝐸3

(36)

𝐷3 = 𝑑32 𝑇2 + 𝜀33 𝑇 𝐸3

(37)
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where 𝑆2 and 𝑇2 are the circumferential strain and stress, respectively, 𝐷3 is the radial
component of the electric displacement, 𝐸3 is the radial electric field intensity, 𝑑32 is
the transverse piezoelectric strain constant, 𝜀33 𝑇 is the free dielectric constant, and 𝑠22 𝐸
is the short circuit elastic compliance. These linear constitutive equations describe the
32-mode operation of the piezoelectric single crystal elements in the active-passive
segmented ring transducer under a short length, thin-walled assumption.

3.1.3

SDOF Analytical Model Formulation

The following is a development of an analytical model for a 32-mode activepassive segmented ring vibrating in the radial direction with a single degree of freedom
(SDOF). One can refer to the detailed derivation for the impedance (or admittance)
function of an active-passive segmented ring transducer in references (Butler, 1975;
Butler and Sherman, 2016), while the following presentation provides a brief review.
It is assumed that the stress does not vary throughout the ring transducer
circumference (i.e., 𝜕𝑇2 ⁄𝜕𝜃 = 0), such that the strain in the inactive material, from
Hooke’s law, is:
𝑆𝑖 = 𝑠𝑖 𝑇2

(38)

where 𝑆𝑖 is the strain and 𝑠𝑖 is the elastic compliance of the inactive material,
respectively. When the segmented ring transducer expands a radial displacement
increment 𝜉, the circumference increases:
2𝜋(𝑎 + 𝜉) − 2𝜋𝑎 = 2𝜋𝜉 = 𝑛𝑥𝑖 + 𝑛𝑥𝑎
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(39)

where the circumferential displacement increments are:
𝑥𝑖 = 𝑆𝑖 𝑤𝑖

(40)

𝑥𝑎 = 𝑆2 𝑤𝑎 .

(41)

The radial displacement 𝜉 of the thin-wall segmented ring transducer then becomes:
𝜉=

𝑛(𝑆𝑖 𝑤𝑖 + 𝑆2 𝑤𝑎 )
.
2𝜋

(42)

Plugging in the strain components for the inactive 𝑆𝑖 and active 𝑆2 material expands the
formula for the radial displacement:
𝜉=

𝑛[(𝑠𝑖 𝑇2 )𝑤𝑖 + (𝑠22 𝐸 𝑇2 + 𝑑32 𝐸3 )𝑤𝑎 ]
.
2𝜋

(43)

Simplifying Eq. (43) and rearranging for the stress 𝑇2 produces:
𝑇2 =

2𝜋𝜉 − 𝑛𝑑32 𝐸3 𝑤𝑎
.
𝑛(𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎 )

(44)

Balancing the forces in the circumferential direction of the thin-walled segmented ring
yields:
𝑀

𝑑2𝜉
𝑑𝜉
+ 𝑅𝑚
= −2𝜋𝐴𝑐 𝑇2
2
𝑑𝑡
𝑑𝑡

(45)

where 𝑅𝑚 is the mechanical resistance or damping force in the ring. Rearranging Eq.
(45) for stress 𝑇2 yields:
−𝑀
𝑇2 =

𝑑2𝜉
𝑑𝜉
− 𝑅𝑚
2
𝑑𝑡
𝑑𝑡
2𝜋𝐴𝑐

(46)

Setting Eq. (44) equal to Eq. (46) eliminates the stress 𝑇2 in both equations and gives:
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2𝜋𝜉 − 𝑛𝑑32 𝐸3 𝑤𝑎
=
𝑛(𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎 )

−𝑀

𝑑2𝜉
𝑑𝜉
− 𝑅𝑚
2
𝑑𝑡
𝑑𝑡
2𝜋𝐴𝑐

(47)

Rearranging Eq. (47) yields the equation of motion for the active-passive segmented
ring transducer:
𝑀

(2𝜋)2 𝐴𝑐 𝜉
𝑑2 𝜉
𝑑𝜉
2𝜋𝐴𝑐 𝑑32 𝐸3 𝑤𝑎
+
𝑅
+
=
𝑚
2
𝐸
𝑑𝑡
𝑑𝑡 𝑛(𝑠𝑖 𝑤𝑖 + 𝑠22 𝑤𝑎 ) 𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎

(48)

Notice that Eq. (48) resembles a forced single degree of freedom mass, spring, damper
system:
𝑀

𝑑2 𝜉
𝑑𝜉
𝜉
+
𝑅
+
= 𝑁𝐸3 𝑤𝑎
𝑚
𝑑𝑡 2
𝑑𝑡 𝐶𝐸

(49)

where the short circuit elastic compliance 𝐶 𝐸 of the system is:
𝑛(𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎 )
𝐶 =
(2𝜋)2 𝐴𝑐
𝐸

(50)

and electromechanical transformation ratio 𝑁 is:
𝑁=

2𝜋𝐴𝑐 𝑑32
.
𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎

(51)

However, it should be noted that that for 32-mode operation the electromechanical
transformation ratio 𝑁 requires manipulation to account for the location of the
electrodes on active segments in the ring. The location of the electrodes replaces the
cross-sectional area 𝐴𝑐 of the ring with the electrode area 𝐴𝑒 = 𝑤𝑎 𝐿 in the
electromechanical transformation ratio 𝑁. Using the electrode area 𝐴𝑒 in Eq. (51) yields
a modified electromechanical transformation ratio 𝑁 for 32-mode operation:
𝑁=

2𝜋𝐴𝑒 𝑑32
.
𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎
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(52)

The electric field 𝐸3 on the electrodes of the active material with thickness 𝑡 and
electric potential 𝜙 is:
𝜙
𝐸3 = .
𝑡

(53)

For a sinusoidal angular frequency 𝜔 = 2𝜋𝑓, the ring velocity 𝑣 was written as the time
𝑑

derivative 𝑑𝑡 of the ring displacement 𝜉:
𝑣=

𝑑𝜉
= 𝑗𝜔𝜉.
𝑑𝑡

(54)

Using Eq. (54) for ring velocity 𝑣 and Eq. (53) for the electric field 𝐸3 , the equation of
motion was simplified:
𝑀

𝑑 𝑑𝜉
𝑑𝜉
𝜉
+ 𝑅𝑚
+ 𝐸 = 𝑁𝜙
𝑑𝑡 𝑑𝑡
𝑑𝑡 𝐶

(55)

Modifying Eq. (55) yields:
𝑑𝜉
𝑑
𝜉
(𝑀 + 𝑅𝑚 +
) = 𝑁𝜙
𝑑𝜉 𝐸
𝑑𝑡
𝑑𝑡
𝐶
𝑑𝑡

(56)

𝑑

Then by using 𝑑𝑡 = 𝑗𝜔, the ring velocity 𝑣 was developed:
𝑣 = 𝑗𝜔𝜉 =

𝑁𝜙
𝑍𝑚

(57)

where 𝑁𝜙 is the piezoelectric driving force for a radial single degree of freedom massspring system and 𝑍𝑚 is the mechanical impedance:
𝑍𝑚 = 𝑗𝜔𝑀 + 𝑅𝑚 +

1
.
𝑗𝜔𝐶𝐸

(58)

Under in-air loading conditions, as opposed to in-water loading, with no mechanical
resistance, the angular resonance frequency 𝜔𝑟 occurs when the reactance vanishes:
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𝜔𝑀 =

1
.
𝜔𝐶𝐸

(59)

Rearranging Eq. (59) and plugging in Eq. (31) and Eq. (50) for 𝑀 and 𝐶 𝐸 , respectively,
leads to the formulation for the angular resonance frequency 𝜔𝑟 :
𝜔𝑟 2 =

(2𝜋)2
1
=
.
𝑀𝐶𝐸 𝑛2 (𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎 )(𝑤𝑖 𝜌𝑖 + 𝑤𝑎 𝜌𝑎 )

(60)

Rearranging the equation for the circumference of the active-passive segmented ring
yields:
𝑛2 =

(2𝜋)2 𝑎2
(𝑤𝑖 + 𝑤𝑎 )2

(61)

Plugging Eq. (61) into Eq. (60) and simplifying produces the resonance frequency 𝑓𝑟
equation for a 32-mode active-passive segmented ring transducer.
𝑓𝑟 =

(𝑤𝑖 + 𝑤𝑎 )
2𝜋𝑎√(𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎 )(𝑤𝑖 𝜌𝑖 + 𝑤𝑎 𝜌𝑎 )

(62)

When applied to a specific design of an active-passive segmented ring, Eq. (62)
produces the resonance frequency 𝑓𝑟 that corresponds to the “breathing” mode of the
transducer. The “breathing” mode is a region in the impedance function between the
resonance 𝑓𝑟 and anti-resonance frequencies 𝑓𝑎 where the radial vibrations of the ring
transducer expand and contract uniformly. The general equation for the effective
electromechanical coupling coefficient 𝑘𝑒 describes the relationship between the
resonance 𝑓𝑟 and anti-resonance 𝑓𝑎 frequencies:
𝑘𝑒 = √1 − (

𝑓𝑟 2
)
𝑓𝑎
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(63)

where the anti-resonance frequency 𝑓𝑎 for the 32-mode active-passive segmented ring
transducer is formulated as:
𝑤𝑖 + 𝑤𝑎

𝑓𝑎 =

2𝜋𝑎 √(𝑤𝑖 𝜌𝑖 + 𝑤𝑎 𝜌𝑎 )(𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎 )(1 − 𝑘𝑒 2 )

(64)

To obtain the electrical impedance (or admittance) function of the 32-mode activepassive segmented ring, one must proceed with using the second piezoelectric
constitutive equation as described in Eq. (37). To ensue, the electrical charge 𝑄 on the
active segment electrodes in the segmented ring transducer is defined as:
𝑄 = 𝑛𝐴𝑒 𝐷3

(65)

Plugging Eq. (37) for the constitutive equation of electric displacement 𝐷3 into Eq. (65)
yields:
𝑄 = 𝑛𝐴𝑒 (𝑑32 𝑇2 + 𝜀33 𝑇 𝐸3 )

(66)

Rearranging Eq. (66) to solve for the stress 𝑇2 :
𝑇2 =

𝑄
𝜀33 𝑇 𝐸3
−
𝑛𝐴𝑒 𝑑32
𝑑32

(67)

Setting Eq. (44) equal to Eq. (67) eliminates the stress 𝑇2 in both equations and gives
the following expression:
2𝜋𝜉 − 𝑛𝑑32 𝐸3 𝑤𝑎
𝑄
𝜀33 𝑇 𝐸3
=
−
𝑛(𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎 ) 𝑛𝐴𝑒 𝑑32
𝑑32

(68)

Rearranging Eq. (68), plugging in Eq. (53) for the electric field 𝐸3 , and simplifying
yields:
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2𝜋𝐴𝑒 𝑑32
𝑛𝐴𝑒 𝜀33 𝑇
)
𝑄=(
𝜉
+
[1 −
𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎
𝑡
𝑠

𝑇
𝐸
22 𝜀33

𝑑32 2

]𝜙
𝑠𝑖 𝑤𝑖
(1 +
)
𝑠22 𝐸 𝑤𝑎

(69)

Observation of Eq. (69) reveals the electromechanical coupling coefficient 𝑘32 for the
piezoelectric material in the segmented ring transducer:

𝑘32

2

𝑑32 2
=
𝑠22 𝐸 𝜀33 𝑇

(70)

Plugging in Eq. (70) into Eq. (69) yields:
2𝜋𝐴𝑒 𝑑32
𝑛𝐴𝑒 𝜀33 𝑇
𝑘32 2
)𝜉 +
𝑄=(
[1 −
]𝜙
𝑠𝑤
𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎
𝑡
(1 + 𝑖𝐸 𝑖 )
𝑠22 𝑤𝑎

(71)

Observation of Eq. (71) reveals the effective electromechanical coupling coefficient 𝑘𝑒
for the active-passive segmented ring transducer:
𝑘𝑒

2

𝑘32 2
=
𝑠𝑤
(1 + 𝑖𝐸 𝑖 )
𝑠22 𝑤𝑎

(72)

Plugging in Eq. (72) into Eq. (71) produces:
2𝜋𝐴𝑒 𝑑32
𝑛𝐴𝑒 𝜀33 𝑇
)𝜉 +
𝑄=(
(1 − 𝑘𝑒 2 )𝜙
𝐸
𝑠𝑖 𝑤𝑖 + 𝑠22 𝑤𝑎
𝑡

(73)

Identification of the electromechanical transformation ratio 𝑁 and clamped capacitance
𝐶0 in Eq. (73) allows for simplification such that:
𝑄 = 𝑁𝜉 + 𝐶0 𝜙
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(74)

where:
𝑛𝐴𝑒 𝜀33 𝑇
𝐶0 =
(1 − 𝑘𝑒 2 ).
𝑡

(75)

Under sinusoidal conditions, the electrical current 𝐼 can be found by taking the time
derivative of electrical charge 𝑄:
𝐼 = 𝑗𝜔𝑄 = 𝑗𝜔(𝑁𝜉 + 𝐶0 𝜙)

(76)

Plugging 𝑣 = 𝑗𝜔𝜉 into Eq. (76) and rearranging gives the electrical admittance 𝑌:
𝑌=

𝐼 𝑁𝑣
=
+ 𝑗𝜔𝐶0 .
𝜙
𝜙

(77)

Substitution of 𝑣⁄𝜙 from Eq. (57) leads to the final form of the electrical admittance 𝑌
as:
𝑌 = 𝑗𝜔𝐶0 +

𝑁2
𝑍𝑚

(78)

where the impedance function 𝑍 is found by taking the reciprocal of the electrical
admittance 𝑌:
𝑍=

1
.
𝑌

(79)

Note that the formulation of the impedance function 𝑍 only considered the effect of inair loading, which has negligible effects on the radial vibrations of the active-passive
segmented ring transducer. In the following equivalent circuit model formulation, the
effects of in-water radiation loading are considered, as well as the electrical loss
conductance present in the piezoelectric material itself.
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3.1.4

SDOF Equivalent Circuit Model Formulation

Electrical equivalent circuits provide a visual alternative to analytical
representations of individual parts and interconnections in an electroacoustic device
(Butler and Sherman, 2016). The simplest equivalent circuit uses lumped electrical
elements such as inductors, resistors, and capacitors to represent mass, resistance, and
compliance (reciprocal of spring constant), respectively, and voltage 𝑉, and current 𝐼 to
represent force 𝐹 and velocity 𝑣 (Butler and Sherman, 2016). Figure 14 details the
simple lumped equivalent circuit used for the segmented cylinder transducer with active
and passive staves (Butler, 1976).

Figure 14: Simple lumped equivalent circuit for a piezoelectric ring (Butler and Sherman, 2016)

The following paragraphs summarize the parameters presented in the analytical
formulation of the 32-mode active-passive segmented ring transducer, and also
introduce new parameters specific to the equivalent circuit model. Beginning with the
electrical portion of the circuit to the left of the electromechanical transformer, the loss
conductance 𝐺0 in the piezoelectric material is defined as:
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𝐺0 = 𝜔𝐶𝑓 tan 𝛿

(80)

where 𝐶𝑓 is the free capacitance, and tan 𝛿 is the dielectric loss tangent. The free
capacitance of the piezoelectric material is generally described as,
𝐶𝑓 =

𝐶0
(1 − 𝑘𝑒 2 )

(81)

where 𝐶0 is the clamped electrical capacitance of the transducer. If the electrodes are on
the inner and outer circumferential surfaces of the active material and the direction of
motion is in the circumferential direction, the segmented ring transducer is said to be
operating in the 31- or 32-mode, and the clamped capacitance is described as,
𝑛𝐴𝑒 𝜀33 𝑇
𝐶0 =
(1 − 𝑘𝑒 2 ).
𝑡

(82)

When the segmented ring transducer is operated in the 32-mode, the electromechanical
turns ratio is formulated as,
𝑁=

2𝜋𝐴𝑒 𝑑32
𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎

(83)

where the piezoelectric strain constant and active material compliance constants are
configured in accordance with the linear constitutive equations and mode of operation.
The mechanical side of the equivalent circuit to the right of the
electromechanical transformer consists of the segmented ring transducer modeled as a
single degree of freedom mass-spring-damper system. The stiffness, or inversely, the
mechanical compliance 𝐶 𝐸 of the segmented ring is dependent on the active material
mode of operation. For a 32-mode piezoelectric material, the mechanical compliance is
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𝑛(𝑠𝑖 𝑤𝑖 + 𝑠22 𝐸 𝑤𝑎 )
𝐶 =
.
(2𝜋)2 𝐴𝑐
𝐸

(84)

The mass 𝑀 is described using parameters of the of the segmented ring geometry and
material:
𝑀 = 𝑛𝐴𝑐 (𝑤𝑖 𝜌𝑖 + 𝑤𝑎 𝜌𝑎 ).

(85)

Therefore, the impedances of the mechanical portion of the equivalent circuit can be
summed as,
𝑍𝑚 = 𝑗𝜔𝑀 + 𝑅𝑚 +

1
.
𝑗𝜔𝐶𝐸

(86)

It is important to note that the internal damping or mechanical resistance 𝑅𝑚 of the
segmented ring is typically omitted in the modeling due to its difficulty being estimated.
However, it is included in the equivalent circuit and analytical expressions to highlight
its existence in all practical applications of transducers.
The remaining acoustical portion of the equivalent circuit consists of the
radiation impedance 𝑍𝑟 that the transducer experiences when it is present in a fluid
medium. The radiation impedance is described as the following complex expression:
𝑍𝑟 = 𝑅𝑟 + 𝑗𝑋𝑟 = 𝑅𝑟 + 𝑗𝜔𝑀𝑟

(87)

where 𝑅𝑟 is the radiation resistance, 𝑋𝑟 is the radiation reactance, and 𝑀𝑟 is the
radiation mass. The radiation impedance for a segmented ring transducer may be
approximated by an equivalent sphere of the same radiating area, which allows the
components of the radiation impedance to be formulated as,
(𝑘𝑎𝑠 )2
𝑅𝑟 = 𝐴𝑠 𝜌𝑐 [
]
1 + (𝑘𝑎𝑠 )2
and
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(88)

𝑋𝑟
4𝜋𝜌𝑎𝑠 3
𝑀𝑟 =
=
𝜔 1 + (𝑘𝑎𝑠 )2

(89)

where 𝜌 and 𝑐 are the density and sound speed of the medium, 𝑘 = 𝜔/𝑐 is the acoustic
wavenumber in the medium, and 𝑎𝑠 is the equivalent sphere mean radius with the area
𝐴𝑠 :
𝐴𝑠 = 4𝜋𝑎𝑠 2 = 2𝜋𝑎𝐿 .

(90)

Therefore, the equivalent sphere mean radius of the cylinder can be expressed as,

𝑎𝑠 = √
The

transducer

electrical

𝑎𝐿
.
2

admittance 𝑌 consists

(91)

of

the

electrical,

electromechanical, mechanical, and acoustical elements of the equivalent circuit and is
formulated as,
𝑌=

1
𝑁2
= 𝐺0 + 𝑗𝜔𝐶0 +
𝑍
𝑍𝑚 + 𝑍𝑟

(92)

where 𝑍 is the electrical impedance. The electrical admittance when broken into its real
and imaginary parts is,
𝐺 = Real(𝑌)

(93)

𝐵 = Imag(𝑌)

(94)

and

where 𝐺 and 𝐵 are the electrical conductance and susceptance, respectively. Using
these two parameters, the electrical phase 𝜃 of the transducer can be calculated as,
𝜃 = tan−1

𝐵
.
𝐺
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(95)

The aforementioned equivalent circuit model was implemented to estimate the
impedance function of the transducer under both in-vacuum (in-air) and in-water
loading conditions. The impedance function developed with the equivalent circuit
model was also used to verify the accuracy of the finite element model in Chapter 4 and
the physically constructed active-passive segmented ring transducers in Chapter 5.

3.1.5

MDOF Finite Element Model Formulation

A finite element formulation which includes the piezoelectric effect for a ring
transducer is given by (Allik and Hughes, 1970; Su, 2016; Hu, Su, and Cong, 2021) and
the following presentation provides a brief review to solve for the resonance and antiresonance frequencies as well as the impedance function. The equations of motion for a
piezoelectric element built through a finite element modeling procedure are constructed
as:
[

𝑲
𝝃̈
𝑴 𝟎
] { } + [ 𝑈𝑈
𝑲Φ𝑈
𝟎 𝟎 𝝓̈

𝑲𝑈Φ
𝝃
𝑭
]{ } = { }
𝑲ΦΦ 𝝓
𝑸

(96)

where 𝝃 represents the displacement vector, 𝝓 is the electric potential vector, 𝑲𝑈𝑈 is
the displacement stiffness, 𝑲𝑈Φ is the piezoelectric “stiffness”, and 𝑲ΦΦ is the
dielectric “stiffness,” 𝑭 is the external force vector, and 𝑸 is the electrical charge vector
for a piezoelectric element. The first equation of the matrix formulation can be expanded
as:
𝑴𝝃̈ + 𝑲𝑈𝑈 𝝃 = 𝑭 − 𝑲𝑈Φ 𝝓
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(97)

When a piezoelectric element is placed under short-circuit electrical boundary
conditions, the material electrodes do not develop an electric potential. Therefore, one
can assume the electrical potential vector 𝝓 = 𝟎 along the radial direction of the ring,
which allows the standard eigenvalue problem developed from Eq. (97) to be formulated
as:
(𝑲𝑈𝑈 − 𝜔𝑟 2 𝑴)𝝃 = 𝟎

(98)

Here, the modal frequencies 𝜔𝑟 of the piezoelectric element under short-circuit
electrical boundary conditions correspond to the resonance frequencies from the
impedance function. When a piezoelectric element is placed under open-circuit
boundary conditions, the material electrodes do not develop electric charge. Therefore,
one can assume the electrical charge vector 𝑸 = 𝟎, which allows the second equation
of motion for a piezoelectric element in Eq. (96) to be written as:
𝝓 = −(𝑲ΦΦ −1 𝑲Φ𝑈 )𝝃

(99)

Substitution of Eq. (99) into Eq. (97) yields:
𝑴𝝃̈ + (𝑲𝑈𝑈 − 𝑲𝑈Φ 𝑲ΦΦ −1 𝑲Φ𝑈 )𝝃 = 𝑭

(100)

Which allows the standard eigenvalue problem for a piezoelectric element under opencircuit boundary conditions to be written as:
̃ 𝑈𝑈 − 𝜔𝑎 2 𝑴)𝝃 = 𝟎
(𝑲

(101)

̃ 𝑈𝑈 is a statically condensed
where 𝜔𝑎 is the angular anti-resonance frequency and 𝑲
version of the stiffness components:
̃ 𝑈𝑈 = 𝑲𝑈𝑈 − 𝑲𝑈Φ 𝑲ΦΦ −1 𝑲Φ𝑈
𝑲
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(102)

Here, the modal frequencies 𝜔𝑎 of the piezoelectric element under open-circuit
boundary conditions correspond to the anti-resonance frequencies from the impedance
̃ 𝑈𝑈 is produced by performing a static
function. The electro-elastic stiffness matrix 𝑲
condensation to eliminate the degrees of freedom associated with the electrical potential
vector 𝝓, and is also referred to as the open-circuit stiffness matrix.
In order to develop the impedance function from the finite element formulation
of a piezoelectric element, one must begin by taking a Fourier transform of the
equilibrium equations:
𝑭(𝜔) = (𝑲𝑈𝑈 − 𝜔2 𝑴)𝝃(𝜔) + 𝑲𝑈Φ 𝝓(𝜔)

(103)

𝑸(𝜔) = 𝑲Φ𝑈 𝝃(𝜔) + 𝑲ΦΦ 𝝓(𝜔)

(104)

where the angular frequency in parenthesis (𝜔) indicates sinusoidal conditions. In the
case of no external forces acting on the transducer (i.e., 𝑭 = 𝟎), Eq. (103) can be
rearranged to solve for the radial displacement vector 𝝃:
𝝃(𝜔) = −(𝑲𝑈𝑈 − 𝜔2 𝑴)−1 𝑲𝑈Φ 𝝓(𝜔)

(105)

Substituting Eq. (105) into Eq. (104) produces an equation for the electrical charge
vector 𝑸:
𝑸(𝜔) = [−𝑲Φ𝑈 (𝑲𝑈𝑈 − 𝜔2 𝑴)−1 𝑲𝑈Φ + 𝑲ΦΦ ]𝝓(𝜔)

(106)

Taking the derivative, or multiplying by 𝑗𝜔 on both sides of Eq. (106), yields the
formula for the electrical current vector 𝑰(𝜔):

60

𝑰(𝜔) = 𝑗𝜔[𝑲Φ𝑈 (𝑲𝑈𝑈 − 𝜔2 𝑴)−1 𝑲𝑈Φ − 𝑲ΦΦ ]𝝓(𝜔)

(107)

By definition, the admittance function 𝒀(𝜔) is formulated by taking the ratio of the
current vector 𝑰(𝜔) to the electrical potential vector 𝝓(𝜔):
𝒀(𝜔) = 𝑰(𝜔)𝝓(𝜔)−1 = 𝑗𝜔[𝑲Φ𝑈 (𝑲𝑈𝑈 − 𝜔2 𝑴)−1 𝑲𝑈Φ − 𝑲ΦΦ ]

(108)

Lastly, the impedance function 𝒁(𝜔) is found by taking the inverse of the admittance
function 𝒀(𝜔):
𝒁(𝜔) = 𝒀(𝜔)−1

(109)

It should be noted that the formulation of the impedance function considered only the
mass 𝑴 and stiffness components ( 𝑲𝑈𝑈 , 𝑲𝑈𝛷 , 𝑲ΦΦ ) and excluded the effect of
mechanical resistance 𝑅𝑚 and acoustic radiation loading as forces on the active-passive
segmented ring transducer.

3.2

Multimode Concept

The multimode concept as it pertains to this research involves the synthesis of
higher order vibration modes from a piezoelectric cylinder transducer to produce
directional acoustic radiation patterns. Typically, piezoelectric cylinder or ring
transducers operate in the circumferential expansion or “breathing” mode of vibration.
However, with proper voltage distribution supplied to spaced electrodes on a ring
transducer, higher order modes of vibration can be generated. This research implements
a patented methodology introduced by Butler to produce directional beam patterns by
61

superimposing omnidirectional (monopole), dipole, and quadrupole vibration modes
together from an active-passive segmented ring transducer using piezoelectric single
crystals (Butler and Butler, 2003).
The first topic of this section covers modal dynamics to provide information
about the mode shapes and modal resonance frequencies that can be generated from a
ring transducer. Then, a method of synthesizing modal beam patterns is introduced to
describe the acoustic pressure formulation used to superimpose monopole, dipole, and
quadrupole vibration modes. Afterwards, a number of relevant beam patterns are
displayed to develop an initial understanding of their features and characteristics that
are discussed in subsequent chapters of this thesis. The section wraps up by familiarizing
the reader with a method of practically implementing the multimode concept.

3.2.1

Modal Dynamics

Consider first the planar dynamics of a two-dimensional ring that is both short
and thin-walled. The “breathing” mode of the ring is the fundamental resonance which
occurs when elastic waves in the structure complete one wavelength around the
circumference (Butler, Butler, and Rice, 2004). The extensional strain is then in phase
at all circumferential locations and translated by the geometry into a purely radial
displacement of the ring wall (Butler, Butler, and Rice, 2004). This “breathing” mode
feature of ring transducers is commonly exploited to produce omnidirectional (or
monopole) beam patterns in-water. However, higher order modes can be produced from
ring transducers which have radial displacements that are harmonic in the plane
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perpendicular to the cylindrical axis 𝑧. The harmonic radial displacements have an even
component proportional to cos 𝑛𝜃 and an odd component to sin 𝑛𝜃, where 𝑛 is the
mode number (Butler, Butler, and Rice, 2004). The first mode (𝑛 = 0) is the “breathing”
mode, the second mode (𝑛 = 1) is the dipole mode, and the third mode (𝑛 = 2) is the
quadrupole mode, as depicted in Figure 15.

Figure 15: Static (solid) and deformed (dashed) displacements of omnidirectional (monopole), dipole, and quadrupole modes

The points where the deformed displacement and static displacements intersect
are known as nodes. The monopole mode has zero nodes, the dipole mode has two nodes,
the quadrupole mode has four nodes, and the 𝑛th extensional mode has 2𝑛 nodes (Butler,
Butler, and Rice, 2004). The resonance frequencies of higher order vibration modes
from a ring transducer in terms of the mode number 𝑛 can be found through (Gordon,
Parad, and Butler, 1975):
𝑓𝑛 = 𝑓𝑟 √𝑛2 + 1

(110)

Therefore, if one knows the “breathing” mode resonance frequency of a
cylindrically shaped transducer, an analytical prediction of the resonance frequencies
for higher order modes is possible. The methodology implemented in this research to
generate higher order modes of vibration used the monopole, dipole, and quadrupole
63

modes. Use of Eq. (110) allowed for a prediction of the dipole and quadrupole resonance
frequencies for the 32-mode active-passive segmented ring transducer. Previous
research has found that multimode cylinder transducers using the first three extensional
modes operate in a band of frequencies between the dipole and quadrupole modes
(Butler, Butler, and Rice, 2004). Knowledge of the dipole and quadrupole resonance
frequencies were used in the calculation of a center frequency in which the 32-mode
active-passive segmented ring transducer would operate.

3.2.2

Beam Pattern Synthesis

The idea of the multimode concept relevant to this research was to superimpose
the monopole, dipole, and quadrupole modes together to synthesize directional acoustic
radiation patterns. It is therefore of interest to model and characterize the desired beam
patterns to observe their features and gain an understanding of their directivity. A model
has been given by Butler et. al that details the general formulation for radiated acoustic
pressure from a cylinder with infinite rigid extensions (Butler, Butler, and Rice, 2004).
Although the general formulation allows for a prediction of 𝑛th higher order modes, the
patented methodology used in this research is only concerned with the first three
extensional modes. In this case, the pressure function may be simplified and written as:
𝑝(𝜃) 1 + 𝐴 cos 𝜃 + 𝐵 cos 2𝜃
=
𝑝(0)
1+𝐴+𝐵

(111)

where 𝑝(𝜃)⁄𝑝(0) is the normalized beam pattern function, 𝜃 is the rotational increment
around the cylinder, and 𝐴 and 𝐵 are the dipole and quadrupole weighting coefficients,
respectively. In Eq. (111), the first, second cos 𝜃, and third cos 2𝜃 terms are the beam
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patterns associated with the monopole, dipole, and quadrupole modes. The dipole (𝐴)
and quadrupole (𝐵) weighting coefficients in the normalized pressure function allow
one to generate a number interesting and useful directional beam patterns. Table 2
details the various types of directional beam patterns that can be generated by modifying
the weighting coefficient values in the normalized beam pattern function.

Table 2: Dipole (A) and quadrupole (B) weighting coefficients for various directional beam
patterns

Weighting Coefficients
Directional Mode
Dipole (A)

Quadrupole (B)

Classical Cardioid

1

0

Super Cardioid

1.7

0

Hyper Cardioid

3

0

Narrow Cardioid

1

1

Classical Narrow Cardioid

2

1

Optimum Narrow Cardioid

1.6

0.8

Wide Cardioid

2/3

-1/3

Quadrant

1

0.414

The primary directional beam patterns of interest to this research are the classical
cardioid and narrow cardioid modes. As seen in Table 2, the classical cardioid mode has
contributions from the monopole and dipole modes, whereas the narrow cardioid mode
has contributions from all three extensional modes. These two directional beam patterns
will be demonstrated using the finite element model in Chapter 4 and the physically
constructed transducer in Chapter 6. The following section exercises the normalized
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beam pattern function to visualize and characterize the primary modes that pertain to
this research.

3.2.3

Beam Patterns

A beam pattern is a fundamental property of transducers that describes their
electroacoustic response with respect to direction in the fluid medium. The beam pattern
of an electroacoustic projector is a polar representation of radiated acoustic pressure in
response to an applied electric field. To understand how the radiated acoustic pressure
varies with angle and frequency, the beam pattern is typically measured with respect to
a fixed distance. In this research, the beam patterns are measured in the radial direction,
or the plane perpendicular to the cylindrical axis (also known as the horizontal plane).
It is within this plane where the monopole, dipole, and quadrupole modes were formed
from the segmented ring transducer.
Before discussing the methods of characterizing beam patterns, it is important
to define a number of their features. First, if a beam pattern deviates from the
omnidirectional response, it is said to be directional. The directional features of a beam
pattern consist of lobes and nulls. The lobes of a beam pattern are areas where the
response of the transducer is high and the nulls are the areas where the response is low.
It is common for transducers to have multiple lobes with varying sizes. To differentiate
between lobes in a beam pattern, one often locates the lobe with the greatest area. The
lobe with the greatest area is called the major lobe. The angle associated with the peak
response of the major lobe is known as the main response axis (MRA), which is typically
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oriented to the 0° direction on a polar graph. All other lobes with areas smaller than the
major lobe are referred to as side lobes, which are often undesired features of a beam
pattern.
When dealing with beam patterns that have directionality, it is important to use
metrics to characterize their features. One of the primary characteristics of directional
beam patterns are their beam width. The beam width of a directional beam pattern is the
difference in angles that mark the effective extremities of the major lobe (Kinsler, Frey,
Coppens, and Sanders, 2000). No single definition has been agreed upon for
determining the beam width, hence the need for the criteria to be clearly stated. The
definition of beam width used in this thesis is the effective width of the major lobe at
half-power or -3 decibels (dB). Other characteristics important to the discussion of
directional beam patterns are the front-to-back ratio and the levels at 90° and 270°. The
front-to-back ratio is a characteristic of directional beam patterns that quantifies the
difference in radiated acoustic pressure at 0° and 180°. The levels at 90° and 270° are
typically equivalent in directional beam patterns that have a degree of symmetry in the
plane of interest. However, measured beam patterns typically deviate from ideal
symmetry, which requires the need to distinguish between these angles.
Now that the general features and characteristics of beam patterns have been
defined, a visual presentation can ensue. As discussed earlier, the monopole beam
pattern is produced when the ring transducer operates in the “breathing” mode. When
the ring transducer is excited with proper voltage amplitude and phase reversals, dipole
and quadrupole beam patterns are formed. Figure 16 depicts the ideal monopole, dipole,
and quadrupole beam patterns formed in the horizontal plane of a ring transducer. Note
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that the radial divisions are acoustic pressure in units of decibels (dB) and the polar
angles are rotational increments in units of degrees (°).

Figure 16: Monopole, dipole, and quadrupole beam patterns

The monopole beam pattern has a single lobe without any nulls, allowing for
360° coverage in all directions. The dipole beam pattern has two major lobes, two nulls
perpendicular to the MRA, and a -3 dB beam width of 90°. The quadrupole beam pattern
has four major lobes, four nulls equally spaced by 90°, and a -3 dB beam width of 45°.
With proper weighting of the dipole and quadrupole modes, the superposition of these
three beam patterns can produce classical cardioid and narrow cardioid responses, as
depicted in Figure 17.

Figure 17: Classical cardioid and narrow cardioid beam patterns
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The classical cardioid beam pattern has a single lobe, a null at 180°, -6 dB levels
at 90° and 270°, and a -3 dB beam width of 131°. The narrow cardioid beam pattern has
a major lobe, four nulls, three side lobes, a -3 dB beam width of 72°, and a front-to-back
ratio of -10 dB. These beam patterns comprise the majority of those demonstrated in
this research. The following section details the method used to practically implement
these beam patterns from a 32-mode active-passive segmented ring transducer.

3.2.4

Practical Implementation

To excite the desired individual vibration modes and yield a directional beam
pattern, an appropriate distribution of voltages around the transducer geometry is
required. In general, this can be accomplished by breaking up the electrodes of a
cylinder transducer into spaced segments and applying a voltage distribution that excites
the monopole, dipole, and quadrupole modes of vibration. Figure 18 shows sectioned
electrodes on the inner circumference of a cylinder transducer used to apply a voltage
distribution for generating higher order modes of vibration.

Figure 18: A piezoelectric cylinder with separate inner electrodes connected in pairs (Butler, Butler, and Rice, 2004)
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Representing the voltage distribution for the four pairs of electrodes as a fourelement vector [𝑉1 , 𝑉2 , 𝑉3 , 𝑉4 ] means that the distribution [1,1,1,1] will excite the
monopole mode, the distribution [1,1, −1, −1] will excite the dipole mode, and the
distribution [1, −1, −1,1] will excite the quadrupole mode. To implement a directional
response, a voltage distribution is required that results in a superposition of the far field
pressure response of each mode in the required relative amplitudes with the same phase
(Butler, Butler, and Rice, 2004).
The calculation of the voltage distribution to generate directional beam patterns
requires the use of the sound pressure level (𝑆𝑃𝐿) and acoustic phase from the monopole,
dipole, and quadrupole modes on the MRA at a fixed distance. The first step of the
voltage distribution calculation involves converting the 𝑆𝑃𝐿 and acoustic phase of each
mode into complex numbers. The equation for the modal sound pressure level 𝑆𝑃𝐿𝑚,𝑑,𝑞
is the ratio of the modal linear pressure amplitude 𝑃𝑚,𝑑,𝑞 to the reference pressure inwater 𝑃𝑟𝑒𝑓 in units of decibels (dB):
𝑆𝑃𝐿𝑚,𝑑,𝑞 = 20 log10 (

𝑃𝑚,𝑑,𝑞
)
𝑃𝑟𝑒𝑓

(112)

where the subscript 𝑚 is for the monopole mode, 𝑑 is for the dipole mode, and 𝑞 is for
the quadrupole mode. To convert the modal sound pressure level 𝑆𝑃𝐿𝑚,𝑑,𝑞 into complex
numbers, it needs to be linearized by translating from decibels (dB) to the equivalent
linear modal pressure amplitude 𝑃𝑚,𝑑,𝑞 (Pa) using the reference pressure in-water 𝑃𝑟𝑒𝑓
(1 μPa),
𝑆𝑃𝐿𝑚,𝑑,𝑞
20

𝑃𝑚,𝑑,𝑞 = 𝑃𝑟𝑒𝑓 10
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(113)

The linear modal pressure amplitude 𝑃𝑚,𝑑,𝑞 and modal acoustic phase 𝜙𝑚,𝑑,𝑞 are then
converted from magnitude and phase to complex numbers with real and imaginary
components through Euler’s formula.
𝑃𝑚,𝑑,𝑞 𝑒 𝑖𝜙𝑚,𝑑,𝑞 = 𝑃𝑚,𝑑,𝑞 (cos 𝜙𝑚𝑑,𝑞 + 𝑖 sin 𝜙𝑚,𝑑,𝑞 )

(114)

The complex linearized modal transmit voltage response 𝑇𝑉𝑅𝑚,𝑑,𝑞 (μPa/V @ 1m) is
then obtained for the monopole, dipole, and quadrupole modes by normalizing with
respect to the applied drive voltage 𝑉0.
𝑇𝑉𝑅𝑚,𝑑,𝑞 =

𝑃𝑚,𝑑,𝑞 (cos 𝜙𝑚,𝑑,𝑞 + 𝑖 sin 𝜙𝑚,𝑑,𝑞 )
𝑉0

(115)

It is important to note that the 𝑆𝑃𝐿 is equivalent to the 𝑇𝑉𝑅 when it is normalized to a
unit of applied voltage. The 𝑆𝑃𝐿 is essentially a scaled representation of 𝑇𝑉𝑅 as a
function of voltage. The modal voltages for the monopole 𝑉𝑚 , dipole 𝑉𝑑 , and quadrupole
𝑉𝑞 are then found by applying the necessary weighting coefficients for the dipole (𝐴)
and quadrupole (𝐵) modes.
𝑉𝑚 =

1
𝑇𝑉𝑅𝑚

(116)

𝑉𝑑 =

𝐴
𝑇𝑉𝑅𝑑

(117)

𝑉𝑞 =

𝐵
𝑇𝑉𝑅𝑞

(118)

The particular weighting coefficients applied to the dipole and quadrupole modes
depend on the desired directional beam pattern. The complex voltage distribution for
each electrode pair of the transducer is found by summing the monopole, dipole, and
quadrupole modes together with proper phase reversals (+/-). Figure 19 shows the modal
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voltage summation with proper phase reversals to determine the complex voltage
distribution for a directional beam pattern of interest.

Figure 19: Addition of monopole, dipole, and quadrupole voltage distributions to give the directional voltage distribution (Butler, Butler, and Rice, 2004).

Direct addition of the modal voltage over corresponding electrodes on the piezoelectric
cylinder yields a weighted voltage distribution:
𝑉1 = 𝑉𝑚 + 𝑉𝑑 + 𝑉𝑞

(119)

𝑉2 = 𝑉𝑚 + 𝑉𝑑 − 𝑉𝑞

(120)

𝑉3 = 𝑉𝑚 − 𝑉𝑑 − 𝑉𝑞

(121)

𝑉4 = 𝑉𝑚 − 𝑉𝑑 + 𝑉𝑞

(122)

After arriving at the calculated distribution in complex numbers, the voltages are
converted back to magnitudes and phases and normalized to the electrode pair on the
MRA.
𝑉1 =

𝑉1
; 𝜙1 = 𝜙1 − 𝜙1
𝑉1

(123)

𝑉2 =

𝑉2
; 𝜙2 = 𝜙2 − 𝜙1
𝑉1

(124)

𝑉3 =

𝑉3
; 𝜙3 = 𝜙3 − 𝜙1
𝑉1

(125)

𝑉4 =

𝑉4
; 𝜙4 = 𝜙4 − 𝜙1
𝑉1

(126)
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The voltage magnitudes are then multiplied by the desired drive voltage 𝑉0 to yield a
scaled distribution. The scaled distribution is then manipulated depending on two
separate conditions. If a single voltage magnitude in the scaled distribution is higher
than the desired drive voltage, all voltage magnitudes in the distribution are scaled down
relative to the maximum voltage. If a single voltage phase in the scaled distribution is
higher than +180° or lower than -180°, a phase shift is applied such that 360° is
subtracted or added, respectively. If either of these two conditions are met, then the
scaled distribution will differ from the relative distribution. The calculation of the
voltage distribution will be exercised for the finite element model (Chapter 4) and the
physical transducer during in-water acoustic testing (Chapter 6) to generate directional
beam patterns. Examples of the voltage distribution calculations are given in Chapter 4
and Chapter 6 for both cases of 32-mode active-passive segmented ring transducers
using piezoelectric single crystals.

3.3

Design Methodology

The literature review of this thesis revealed no published evidence of an existing
multimode active-passive segmented ring transducer utilizing piezoelectric single
crystals. Therefore, to demonstrate the objective of this research, a transducer needed to
be designed from scratch. A design methodology was developed that allowed for
specification of the transducer features and dimensions. The methodology accounted for
the relevant measures of performance that were important to this research. Aspects of
the transducer that were not considered critical to the objective of the research were

73

allowed some freedom in the design. The final configuration of the transducer permitted
for the generation of a finite element model as well as a physical device. The design was
implemented in a finite element model and physically constructed transducer to produce
results of interest in an effort to demonstrate the objective of this research.
The following sections were outlined in order of the design methodology. Some
aspects of the transducer design were able to be determined independent of other
parameters based their relevance to the research objective. The design parameters of
interest are the number of segments 𝑛, ratio of active to inactive material 𝜂, aspect ratio
(𝑡 and 𝐿), center frequency 𝑓𝑐 , and number of rings 𝑁𝑟𝑖𝑛𝑔𝑠 .

3.3.1

Number of Segments

Generating a directional response by combining higher order modes of vibration
requires a piezoelectric transducer with a symmetric geometry, separated electrodes,
and proper excitation. For the case of the segmented ring transducer employed in this
research, the number of active segments must be tailored for multimode operation with
monopole, dipole, and quadrupole modes. Recall that a convenient way of producing
these vibration modes is to excite the active material using four different pairs of
electrodes. To adhere to this constraint, the number of active and passive segments 𝑛 in
the ring must follow in accordance with:
𝑛 = 2𝑥 , 𝑥 ≥ 3
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(127)

where 𝑥 is an integer that must be greater than or equal to a value of three. This means
that the minimum number of active and passive segments required for multimode
operation using monopole, dipole, and quadrupole vibration modes is eight. It is
possible to increase the number of segments for this method of multimode operation,
however, it comes at the expense of increased design complexity. The segmented ring
transducer in this research was designed for the simplest case possible, such that there
were eight active and passive segments.

3.3.2

Material Coupling

The interest in piezoelectric single crystals originates from the significant
increase in electromechanical coupling coefficient from the material, a parameter which
implies that very wide bandwidth transducers can be developed (Stansfield, 2017). To
realize the full potential of piezoelectric single crystals in the active-passive segmented
ring transducer, the effective electromechanical coupling coefficient 𝑘𝑒 needed to be
maximized with a compatible passive material. Recall, the effective coupling coefficient
𝑘𝑒 of the active-passive segmented ring transducer depends on the inactive to active
compliance ratio 𝑠𝑖 /𝑠22 𝐸 and arclength ratio 𝑤𝑖 /𝑤𝑎 , through:
𝑘𝑒

2

𝑘32 2
=
𝑠𝑤
(1 + 𝑖𝐸 𝑖 )
𝑠22 𝑤𝑎

(128)

To determine the ideal inactive material in the segmented ring, the compliance ratio
𝑠𝑖 /𝑠22 𝐸 was varied by pairing single crystal with a number of commonly used passive
transducer materials (Butler and Sherman, 2016). A list of properties for inactive
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materials considered in this research are included in APPENDIX B. The arclength ratio
𝑤𝑖 /𝑤𝑎 was varied to observe how the effective coupling coefficient 𝑘𝑒 changes based
on the ratio of active to inactive material 𝜂 in the segmented ring, as depicted in Figure
20.

Figure 20: Effective electromechanical coupling coefficient 𝒌𝒆 as a function of inactive material
and the ratio of active to inactive material 𝜼 in the segmented ring transducer. The horizontal line
(black) depicts the material coupling coefficient 𝒌𝟑𝟐 = 𝟎. 𝟖𝟕.

To simplify the design, an approach was taken to make the active and inactive
segments in the ring equal sized arclengths, or 𝜂 = 50%. With this criterion, the inactive
material that maximized the effective coupling coefficient 𝑘𝑒 could be chosen from a
ranked list of passive materials (see legend in Figure 20). The inactive materials that
produced the highest effective coupling coefficients 𝑘𝑒 at 𝜂 = 50% were tungsten,
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beryllia, and alumina. Between these three options, alumina was selected due to its ease
of manufacture and electrical insulating characteristics. The ring transducer with equally
sized alumina and single crystal segments produced an effective coupling coefficient 𝑘𝑒
= 0.85, which closely approximated the active material coupling coefficient 𝑘32 = 0.87.

3.3.3

Aspect Ratio

To maintain the short length, thin-wall assumption for the active-passive ring
transducer, an aspect ratio was developed for the length 𝐿 and thickness 𝑡 dimensions.
The aspect ratio was made such that the length 𝐿 and thickness 𝑡 were a function of the
segmented ring mean radius 𝑎. In this manner, the geometry of the segmented ring
transducer could be controlled simply with the mean radius 𝑎. The aspect ratio chosen
to determine the length 𝐿 and thickness 𝑡 of the segmented ring were:
3
𝐿 = 𝑤𝑎
4

(129)

1
𝑤 .
4 𝑎

(130)

and
𝑡=

Recall that the arclength of the active segment 𝑤𝑎 = 𝑎𝑑𝜃𝑎 is a function of the
segmented ring mean radius 𝑎. Configuring the aspect ratio in this manner also made
the cross-sectional area of the ring 𝐴𝑐 = 𝑡𝐿 controlled by the mean radius 𝑎 of the
segmented ring. Although the aspect ratio may contribute to the performance of the
transducer, it was simplified here to accelerate the design methodology. Additional
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investigation would be required to understand the effect of aspect ratio or cross-sectional
area 𝐴𝑐 on the performance of ring transducer.

3.3.4

Center Frequency

The resonance frequency 𝑓𝑟 of the segmented ring transducer is primarily
dependent upon its mean radius 𝑎. The resonance frequency 𝑓𝑟 needs to be determined
for the transducer based on the frequency range of interest. The frequency range of
interest for the multimode operation method employed in this research lies between the
dipole and quadrupole resonance frequencies. Recall that higher order resonance
frequencies 𝑓𝑛 from a ring transducer can be found through:
𝑓𝑛 = 𝑓𝑟 √𝑛2 + 1.

(131)

The resonance frequency 𝑓𝑟 of the monopole mode occurs when 𝑛 = 0, the dipole mode
when 𝑛 = 1, and the quadrupole mode when 𝑛 = 2. Therefore, to follow Butler’s
multimode methodology, the frequency range of interest must lie between the dipole
and quadrupole mode. To adhere to this constraint, the mean radius 𝑎 of the segmented
ring transducer was determined by defining a center frequency 𝑓𝑐 between the dipole 𝑓1
and quadrupole 𝑓2 resonance frequencies:
𝑓𝑐 =

𝑓1 + 𝑓2
2

(132)

The desired center frequency 𝑓𝑐 was arbitrarily chosen to be 25 kHz for the activepassive segmented ring under in-water loading conditions. Imposing in-water loading
conditions on the equivalent circuit model required including the effect of radiation
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impedance 𝑍𝑟 on the segmented ring transducer. Loading conditions were imposed on
the segmented ring transducer with a radiation impedance 𝑍𝑟 using the fluid density 𝜌 =
1000 kg/m3 and speed of sound 𝑐 = 1500 m/s of water. Material properties were
provided to the model with single crystal as the active material and alumina as the
inactive material. Using the equivalent circuit model under in-water loading conditions,
the mean radius 𝑎 of the segmented ring transducer was iterated until it converged upon
the desired center frequency 𝑓𝑐 . Table 3 details the mean radius 𝑎, length 𝐿, thickness 𝑡,
number of segments 𝑛, and ratio of active to inactive material 𝜂 that produced a 25 kHz
center frequency 𝑓𝑐 using the equivalent circuit model under in-water loading conditions.
This design was used for comparison with a finite element model and carried forward
into construction for demonstration of a physical transducer capable of multimode
operation.
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Table 3: Design summary for the active-passive segmented ring transducer

Description

Variable

Value

Units

Mean radius

𝑎

21.3

[mm]

Length

𝐿

6.28

[mm]

Thickness

𝑡

2.09

[mm]

Number of active / passive segments

𝑛

8

Ratio of active to passive material

𝜂

50%

Active Material

32-mode single crystal
(24% PIN-PMN-PT) poled along the
[011] direction

Passive Material

Alumina
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3.3.5

Number of Rings

Ring transducers are typically stacked on top of one another to achieve a larger
degree of directionality in the vertical plane (Butler and Sherman, 2016). The approach
to stack multiple rings on top of one another was taken in this research. The number of
segmented rings chosen for construction of the physical transducer was based on the -3
dB vertical beam width 𝐵𝑊 of a continuous line source (Sherman and Butler, 2016),
𝐵𝑊 = 2 sin−1 (

2.8
)
𝑘𝐻

(133)

where 𝑘 = 𝜔/𝑐 is the acoustic wavenumber in the medium and 𝐻 is the total height of
the ring stack. To solve for the number of segmented rings 𝑁𝑟𝑖𝑛𝑔𝑠 via the total height of
the ring stack 𝐻, a desired vertical beam width 𝐵𝑊 needs to be established. The vertical
beam width 𝐵𝑊 is typically determined based on requirements for directionality of the
acoustic radiation pattern. In this investigation, the vertical directionality of the acoustic
radiation pattern was not considered a major requirement, but was determined based on
beam widths observed in commercially available cylinder transducers. Vertical beam
widths of 60° were seen in various commercially available cylinder transducers (BTech
Acoustics, 2021). With a desired center frequency 𝑓𝑐 of 25 kHz, the equation for the
vertical beamwidth from a continuous line source was varied as a function of height.
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Figure 21: Vertical beamwidth (-3 dB) for a continuous line source as a function of transducer
height for a desired frequency

Figure 21 shows that as the height increases, the vertical beamwidth of the
continuous line array becomes narrower. The height of the continuous line source
corresponding to a vertical beam width of 60° at 25 kHz was found to be 53.5 mm.
Assuming that each ring in the stack is acoustically isolated from each other using a
passive material, the calculation used to determine the number of rings 𝑁𝑟𝑖𝑛𝑔𝑠 was:
𝑁𝑟𝑖𝑛𝑔𝑠 = 𝑐𝑒𝑖𝑙 (

𝐻−ℎ
)
𝐿+ℎ

(134)

where 𝐻 is the height required to achieve a vertical beamwidth of 60° in water, ℎ is the
height of the passive material ring separators, and 𝐿 is the height of an individual
segmented ring. The 𝑐𝑒𝑖𝑙 function rounds the argument in parenthesis to the next
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highest integer. Each ring separator was set to be 10% of an individual segmented ring’s
height to provide acoustic isolation and preserve the radial vibration modes. From this
calculation, it was found that eight segmented rings and nine ring separators for acoustic
isolation were required to approximate a vertical beam width of 60° at a frequency of
25 kHz. A total of 64 active and passive segments were required to populate the entire
segmented ring stack.
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CHAPTER 4

FINITE ELEMENT MODELING OF A MULTIMODE SEGMENTED RING
TRANSDUCER

4.1

COMSOL Multiphysics®

The finite element analysis (FEA) software package COMSOL Multiphysics®
version 5.5 was leveraged to model and simulate performance of a multimode
segmented ring transducer design. COMSOL Multiphysics®, which will be referred to
as COMSOL for the remainder of this report, provides an interactive environment for
modeling and simulating scientific and engineering problems (COMSOL Manual,
2019). To model both the piezoelectric effect and fluid structure interaction for the
multimode segmented ring transducer, the acoustics module of the COMSOL
Multiphysics® software package was used (COMSOL Module, 2019). The acoustics
module contains all the necessary physics interfaces needed to model a piezoelectric
transducer under in-water loading conditions. The physics interfaces used to model the
multimode segmented ring transducer consisted of solid mechanics, electrostatics, and
pressure acoustics interfaces.
The design simulated in this research consisted of an individual active-passive
segmented ring transducer. The active segments included in the ring transducer were
32-mode 24%PIN-PMN-PT piezoelectric single crystals poled along the [011] direction
and the passive segments were aluminum oxide or alumina (Al2O3). The performance

84

of the segmented ring transducer was simulated under in-air and in-water loading
conditions to evaluate the multimode frequency response and acoustic radiation patterns
of the design. Frequency response results consisted of resonance and anti-resonance
frequency, impedance function, transmitting voltage response (TVR), and acoustic
phase. Acoustic radiation pattern results consisted of beam patterns for monopole,
dipole, quadrupole, cardioid, and narrow cardioid modes. The following sections detail
the steps taken to model the multimode segmented ring transducer and simulate the
desired results.

4.2

Geometry

One of the initial stages to building a model is creating the geometry. COMSOL
enables one to create the model with its many geometry tools and operations. This
internal capability of COMSOL was utilized to generate the geometry of a segmented
ring transducer. One of the first steps required to generate a geometry in COMSOL is
to import the desired dimensions for use as variables in the software workspace.
Afterwards, it is important to analyze the intended geometry and choose the most
computationally efficient modeling operation based on symmetry. The last remaining
step towards creating a geometry requires developing a build sequence using built-in
objects to define and position the model as desired. The following sections detail the
dimensions used to create the segmented ring transducer, the choice of model symmetry,
and the build sequence used to generate the desired geometry.
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4.2.1

Dimensions

The baseline geometry of interest is a three-dimensional (3-D) active-passive
multimode segmented ring transducer. The dimensions of the segmented ring transducer
were determined analytically prior to creating the geometry of the finite element model.
The dimensions of the segmented ring transducer consisted of the mean radius 𝑎 ,
thickness 𝑡, length 𝐿, number of segments 𝑛, and ratio of active to passive material 𝜂.
Table 4 details the design values of the controllable dimensions that were used to
generate the segmented ring transducer geometry.

Table 4: Controllable dimensions for segmented ring transducer design

Description

Variable

Value

Units

Mean radius

𝑎

21.3

[mm]

Length

𝐿

6.28

[mm]

Thickness

𝑡

2.09

[mm]

Number of active and passive segments

𝑛

8

Ratio of active to passive material

𝜂

1:1

It is also desired to model the physical water domain surrounding the segmented
ring transducer. The water geometry was modeled as a cylinder comprised of a radius
𝑟𝑤 , height 𝑧𝑤 , and perfectly matched layer (PML) thickness 𝑡𝑃𝑀𝐿 . The PML thickness
was specified to control the dimension of the water layer that attenuates the outgoing
acoustic pressure wave from the segmented ring transducer. The radius 𝑟𝑤 , height 𝑧𝑤 ,
and PML thickness 𝑡𝑃𝑀𝐿 of the water geometry were programmed in COMSOL as a
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function of the segmented ring transducer dimensions. The dimensional relationship
between the water domain and the segmented ring transducer includes,
𝑡
𝑟𝑤 = 2 (𝑎 + )
2

(135)

𝑡
𝑧𝑤 = 2 (𝑎 + )
2

(136)

and
𝑡𝑃𝑀𝐿 =

4.2.2

𝑟𝑤
8

(137)

Model Symmetry

A 3-D model of the segmented ring geometry was generated in COMSOL to
model the frequency response and acoustic radiation patterns produced from the
transducer. The active and inactive segments in the ring geometry did not permit for a
simplified 2-D axisymmetric model. Although a conventional 2-D model may have
been used to model the segmented ring, the 3-D modeling approach was taken despite
its increased computational time. To maximize the computational efficiency of the 3-D
finite element model, the segmented ring geometry was simplified to a half-symmetry
model. To account for this computational simplification, some of the results obtained
for the half-symmetry model were required to be multiplied by a factor of two. The
various physical interfaces employed in the modeling of the segmented ring transducer
accounted for the half symmetry geometry by imposing boundary conditions at the cut
plane. The completed in-air and in-water 3-D models of the segmented ring transducer
are shown in Figure 22 and Figure 23, respectively.
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Figure 22: Half symmetry segmented ring transducer modeled under in-vacuum (in-air) loading
conditions. Yellow segments are piezoelectric single crystals and white segments are alumina.
Units on the grid are in millimeters. Reference coordinate axis is included in the bottom left-hand
corner.

Figure 23: Half symmetry segmented ring transducer modeled under in-water loading conditions.
Blue section of the image is the water domain. The outside layer of the water geometry is the Perfectly Matched Layer (PML) domain. Units on the grid are in millimeters. Reference coordinate
axis is included in the bottom left-hand corner.
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4.2.3

Build Sequence

COMSOL has various methods to create a geometry for a particular model. To
generate the geometry for the segmented ring transducer design, operations and tools
built within the software were used. This required specifying the dimensions of the
segmented ring transducer as variables in the COMSOL workspace. The variables could
then be used in the COMSOL software operations to generate the geometry of the
segmented ring transducer. In this way, COMSOL software acts as a programmable
interface, where you can create the build sequence and then modify the dimensional
variables to adjust the model geometry. Figure 24 shows the build sequence used to
make the segmented ring transducer geometry. Once the geometry of the segmented
ring transducer was generated, the water domain geometry was produced using
additional dimensional variables defined the COMSOL workspace. Figure 25 depicts
the operations programmed in COMSOL to produce the water domain geometry.
Programming the model geometry in this manner allowed for the dimensions of the
segmented ring transducer and water domain to be modified by simply adjusting the
values of the control variables defined in the COMSOL workspace.
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Figure 24: Build sequence for the 3-D segmented ring transducer model

Figure 25: Build sequence for the half-symmetry 3-D segmented ring transducer with a water domain

4.3

Material Properties

COMSOL contains a library of conventional engineering materials preloaded into
the software package for use in a model. The library can be utilized to select material
properties and assign them to specific domains of the model geometry. COMSOL also
allows one to generate a custom coordinate system for use with material properties. The
custom coordinate system can be used to rotate the material property matrices into a
desired orientation. The following subsections detail the use of the material property
library and the generation of a custom coordinate system to model the 32-mode
operation of the segmented ring transducer.

4.3.1

Active Material

The COMSOL material property library contains many conventional active and
passive materials for use with a model. The active material properties of interest to this
research lie in the piezoelectric materials category. Although the piezoelectric materials
library is quite large, it does not contain material properties for piezoelectric single
crystals. Therefore, single crystal material properties for 24%PIN-PMN-PT poled along
the [011] direction had to be manually imported into the COMSOL library for use with
the finite element model. The material properties used to model 24%PIN-PMN-PT
piezoelectric single crystals poled along the [011] direction in COMSOL can be found
in APPENDIX A.
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4.3.2

Passive Material

The passive or inactive materials in the model of the segmented ring transducer
consisted of alumina and water. The passive segments in the segmented ring geometry
required the elastic material properties of alumina. By default, the COMSOL material
library contained the material properties of alumina, which allowed the segmented ring
geometry to be populated with the material density 𝜌𝑖 = 3900 kg/m3, Young’s modulus
𝑌𝑖 = 300 GPa, and Poisson’s ratio 𝜐𝑖 = 0.22.
The COMSOL material library also contained the material properties of water.
The water domains consisted of the inner water domain that interfaced with the
segmented ring transducer as well as the surrounding PML domain. The material
properties required to model the acoustic radiation loading from the water domains were
the material density 𝜌𝑤 = 1000 kg/m3 and speed of sound 𝑐𝑤 = 1500 m/s.

4.3.3

Material Coordinate System

COMSOL contains a reference Cartesian coordinate system that serves as the
foundation for building a model geometry. If left unmodified, the material properties
assigned to the domains of the model geometry will follow the reference Cartesian
coordinate system. To account for the cylindrical segmented ring geometry and 32mode of operation, a base vector system was developed which related the reference
Cartesian coordinate system (x1, x2, x3) to the material coordinate system (x, y, z). To
translate the reference Cartesian coordinate system into a cylindrical coordinate system
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in terms of the material property directions, the axes needed to be adjusted in accordance
with piezoelectric material convention. The 32-mode of operation for a piezoelectric
material indicates that the 3-direction is the “poling” direction or orientation of electric
field and the 2-direction is the orientation of mechanical strain. Since the electric field
on the crystal segments is applied in the radial direction of the ring, the z-axis or “x3”
axis of the reference Cartesian coordinate system needed to be oriented for the
piezoelectric material such that it was perpendicular to the axis of the cylinder. Similarly,
the mechanical strain produced in the crystal segments was in the circumferential
direction, which required the y-axis or “x2” axis of the reference Cartesian coordinate
system to be perpendicular to each radial coordinate. Table 5 and Table 6 shows the
relationship between the reference Cartesian coordinate system and material coordinate
system through the use of a base vector system in cylindrical coordinates. The difference
between Table 5 and Table 6 is the direction of the vector in the circumferential direction;
one of them being in the clockwise direction and the other in the counterclockwise
direction. These base vector systems translate the material property matrices of the
piezoelectric material in the segmented ring transducer so that it operates in the 32-mode.
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Table 5: (Clockwise) Base vector system used in COMSOL to model 32-mode operation in
cylindrical coordinates

x1

x

y

z

0

0

1

x2

sin [ tan−1 (

𝑦
)]
𝑥

− cos [ tan−1 (

x3

cos [ tan−1 (

𝑦
)]
𝑥

sin [ tan−1 (

𝑦
)]
𝑥

𝑦
)]
𝑥

0

0

Table 6: (Counterclockwise) Base vector system used in COMSOL to model 32-mode operation in
cylindrical coordinates

x1

x

y

z

0

0

1

x2

− sin [ tan−1 (

x3

cos [ tan−1 (

𝑦
)]
𝑥

𝑦
)]
𝑥

cos [ tan−1 (

𝑦
)]
𝑥

0

sin [ tan−1 (

𝑦
)]
𝑥

0
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4.4

Solid Mechanics

The solid mechanics interface can be used for general structural analysis of 3-D,
2-D, or axisymmetric bodies (COMSOL Manual, 2019). Figure 26 shows the model
builder tree of the solid mechanics physics interface used to model the segmented ring
transducer. Note that the linear elastic material, free boundary condition, and initial
value nodes in the model builder tree are added by default upon creation of the solid
mechanics physics interface. The features of these default nodes can be overwritten
depending on the assignments provided to additional nodes in the model builder tree.
For example, if a piezoelectric material were defined, the active segments in the ring
geometry would use the constitutive relationship for a piezoelectric material rather than
a linear elastic material by default.

Figure 26: Model builder tree for the solid mechanics physics interface

4.4.1

Mechanical Configuration

The mechanical configuration of the solid mechanics physics interface consists
of particular nodes selected to model the solid domains of the segmented ring transducer.
In general, the solid mechanics node was assigned to the active and passive domains of
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the segmented ring geometry to solve the equations of motion associated with a
constitutive model. The constitutive models used for the single crystal and alumina
segments consisted of those for a piezoelectric material and linear elastic material,
respectively. The single crystal segments were modeled as a piezoelectric material using
the linear piezoelectric constitutive relationship. The alumina segments were set as a
linear elastic material and modeled as an isotropic solid.
In addition, the solid mechanics node has the ability to prescribe mechanical
boundary conditions to the model geometry.

To account for the half-symmetry

geometry, a symmetry boundary condition was applied to solid domain boundaries
along the cut plane. This symmetry boundary condition allows for a reduction in the
size of the model, making it an efficient tool for solving large problems.

4.4.2

Piezoelectric Material Configuration

The presence of single crystal as the active element in the segmented ring
transducer requires the use of a piezoelectric material node in the solid mechanics
physics interface. Once added, the piezoelectric material node requires domain
assignment as well as configuration of the material settings. The domains assigned as
piezoelectric were split into two groups depending on the circumferential direction of
strain in the segmented ring transducer. To produce radial extensional vibrations from
the segmented ring transducer, the mechanical strain in the piezoelectric material must
add constructively. To achieve the constructive addition of strain, alternating segments
of piezoelectric material were assigned clockwise (CW) and counterclockwise (CCW)
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32-mode base vector systems. Figure 27 illustrates the configuration of the piezoelectric
material base vector systems used to achieve constructive addition of strain from the
segmented ring transducer.

Figure 27: Piezoelectric material coordinate system configuration for a segmented ring transducer operating in the 32-mode. White segments are active material and black segments are inactive material. Arrows represent the polarization direction in the active material. Positive (+) and
negative (-) symbols depict the polarity of the electrodes on the active material.

Another piezoelectric material setting that required configuration was the
constitutive relation of the piezoelectric material properties. Two options of the
constitutive relation exist in the piezoelectric material node – strain-charge form (or “dform”) and stress-charge form (or “e-form”). The strain-charge form consists of elastic
compliance, piezoelectric strain, and dielectric permittivity matrices whereas stresscharge form consists of elastic stiffness, piezoelectric stress, and dielectric permittivity
matrices. Both options produce equivalent results, however, the material properties of
single crystal were added to the material library in the strain-charge form. Therefore,
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the strain-charge form of the piezoelectric constitutive equations was selected for the
material properties of single crystal.

4.5

Electrostatics

The electrostatics physics interface can be used to compute the electric field,
electric displacement field, and electric potential distributions in dielectric materials
under conditions where the electric charge distribution is explicitly prescribed
(COMSOL Manual, 2019). Figure 28 shows the model builder tree of the electrostatics
physics interface used to configure the segmented ring transducer. Similar to the solid
mechanics interface, the electrostatics physics interface populates the model builder tree
with default nodes, which consist of charge conservation, zero charge, and initial values.
Additional nodes added to the electrostatics model builder tree overwrite the default
nodes, such as the charge conservation, piezoelectric node. The following subsections
describe the configuration of the electrostatics interface specific to the segmented ring
transducer and the electrical boundary conditions used for multimode operation.

Figure 28: Model builder tree for the electrostatics physics interface
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4.5.1

Electrical Configuration

The electrical configuration of the electrostatics physics interface for the
segmented ring transducer is comprised of nodes added to the default arrangement that
are required to model the piezoelectric effect. The charge conservation, piezoelectric
node abides by Gauss’ law for electric displacement field and adds the piezoelectric
constitutive relationship to the equation system to account for the piezoelectric material
in the segmented ring model (COMSOL Manual, 2019). The surface charge density
node was applied at the cut plane for the half symmetry segmented ring transducer
model to ensure no charge formed at the symmetry boundaries of piezoelectric material.
The remaining nodes used in the configuration of the electrostatics physics interface
delt with the electrical potential boundary conditions.

4.5.2

Electrical Boundary Conditions

The electrical boundary conditions of the electrostatics physics interface for the
segmented ring transducer consisted of a ground node for the negative electrodes and
electrical potential nodes for the application of voltage and phase shifts to the positive
electrodes on piezoelectric single crystal segments. Both the ground and the electrical
potential nodes are applied to the model builder tree to enable eigenfrequency and
frequency domain studies. The eigenfrequency study is used to extract the resonance
and anti-resonance frequencies of the segmented ring transducer under short and open
circuit conditions, respectively. The frequency domain study is used to excite the
transducer with voltage over a range of frequencies to produce the corresponding
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frequency response. Specifying the applied voltage in the electrical potential nodes with
magnitude and phase (i.e., 𝑉 𝑖𝜙 ) allows for excitation of higher order modes of vibration
from the segmented ring transducer (i.e., multimode operation). Four separate electrical
potential nodes were included for excitation of the monopole, dipole, quadrupole, and
directional acoustic radiation patterns from the segmented ring transducer. Figure 29
shows how the eight separate positive electrodes on the segmented ring transducer were
divided into four pairs to enable excitation of these higher order modes.

Figure 29: Electrical boundary conditions for a finite element model of the multimode segmented
ring transducer. The eight positive (+) electrodes are divided into four pairs on the inner circumference to excite higher order modes of radial ring vibration. Ground electrodes (-) are located on
the outer circumference of the segmented ring.

4.6

Pressure Acoustics, Frequency Domain

The pressure acoustics, frequency domain physics interface can be used to
compute the pressure variations for the propagation of acoustic waves in fluids
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(COMSOL Module, 2019). Figure 30 shows the model builder tree of the pressure
acoustics, frequency domain physics interface used to configure the segmented ring
transducer. Similar to the solid mechanics and electrostatics interfaces, the pressure
acoustics, frequency domain physics interface populates the model builder tree with
default nodes, which consist of pressure acoustics, sound hard boundary wall, and initial
values. By default, the pressure acoustics node was configured such that fluid was
modeled as linearly elastic where the fluid density and speed of sound were calculated
at 20 °C (68 °F or 293 K) temperature and 1 atm (101.3 kPa) absolute pressure. The
sound hard boundary wall node was overwritten by the symmetry boundary condition
imposed for the half symmetry model. The initial values node was overwritten by the
absolute pressure configured in the pressure acoustics node. The remainder of the nodes
added to the pressure acoustics, frequency domain physics interface were configured
specifically for the segmented ring model.

Figure 30: Model builder tree for the pressure acoustics, frequency domain physics interface

4.6.1

Acoustical Configuration

The configuration of the pressure acoustics, frequency domain interface specific
to the segmented ring transducer model requires two separate boundary conditions for
the half symmetry geometry and exterior field calculation. To account for the half
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symmetry model, a symmetry boundary condition was placed on the cut plane of the
water domain geometry. The exterior field calculation node specified in the model
builder tree allows for the calculation and visualization of the pressure field outside of
the computational domain at any distance including amplitude and phase (COMSOL
Module, 2019). The boundary condition for the exterior field calculation is positioned
between the inner water and PML domains. The use of the exterior field calculation
node helps reduce computation time by eliminating the need for the geometry of the
water domain to be excessively large. Post processing of the exterior field calculation
variable ( 𝑝𝑒𝑥𝑡 ) allows one to specify the exact x-y-z coordinates outside the
computational domain where the acoustic pressure and phase values are desired.
Important results to this research that require the exterior field calculation of the
pressure are the Transmitting Voltage Response (TVR), acoustic phase, and acoustic
radiation patterns of the multimode segmented ring transducer. Each of these results
requires the exterior field calculation of the pressure at 1 meter from the acoustic center
of the segmented ring transducer, which is a distance well outside of the computational
domain.

4.6.2

Perfectly Matched Layer

The perfectly matched layer (PML) is a domain that is added to an acoustic
model to mimic an open and nonreflecting infinite domain (COMSOL Module, 2019).
A cylindrical PML domain was included for the in-water model of the segmented ring
transducer. The PML was configured such that it was added to the model as an

102

additional layer on the outside of the water domain. Careful attention was given to the
mesh of the PML to ensure the acoustic pressure waves were absorbed properly within
the frequency range of interest. Figure 31 depicts the location of the PML within the inwater model of the segmented ring transducer. Details associated with the PML mesh
are included in the mesh section of this chapter.

Figure 31: Location of the perfectly matched layer (PML) for the in-water model of the segmented ring transducer

4.7

Multiphysics

Multiphysics is implemented in this research to model and simulate the physical
phenomena of a piezoelectric transducer as an underwater acoustic device. This is
accomplished through the use of two separate physical interactions – the piezoelectric
effect and an acoustic-structure interaction. The piezoelectric effect or more specifically,
the inverse piezoelectric effect, occurs when an electric field is applied and deformation
occurs in piezoelectric materials (COMSOL, 2021). Simultaneously coupling the
piezoelectric effect in a structure to a surrounding fluid media while subjecting it to
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harmonically varying electric field creates alternating regions of compression and
rarefaction (COMSOL, 2021). These alternating changes in pressure within the fluid
medium can be interpreted by a receiver as sound waves. In this research, a segmented
ring transducer using piezoelectric single crystals is coupled to a water domain to model
and simulate the interaction between these two physical phenomena.

4.7.1

Piezoelectric Effect

As previously mentioned, the piezoelectric effect occurs when a piezoelectric
material deforms as a result of an applied electric field. The reciprocal of this is also
true, where an applied stress or pressure manifests as a measurable electrical potential
difference across the piezoelectric material (COMSOL, 2021). In COMSOL, the
piezoelectric effect is simulated by coupling together the solid mechanics and
electrostatics physics interfaces. In this research, the inverse piezoelectric effect is
demonstrated to highlight the effect of piezoelectric single crystals in a multimode
segmented ring projector.

4.7.2

Acoustic-Structure Interaction

When a vibrating structural object disturbs the fluid medium in which it is
embedded, sound is created. In this research, the piezoelectric transducer is the structure
that disturbs the fluid or water medium to produce acoustic pressure waves. In
COMSOL, the acoustic-structure interaction is simulated by coupling two types of
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physical phenomena – pressure acoustics and structural mechanics. The acousticstructure interaction multiphysics node was implemented within the multiphysics
interface to model the coupling between the water and the segmented ring transducer at
their boundary.

4.8

Mesh

A mesh was used in the finite element model to divide the geometry into smaller
domains of elements, for which the governing equations of interest were solved. Finite
element models of the segmented ring transducer under in-vacuum (in-air) and in-water
loading conditions were meshed to solve the equations associated with the piezoelectric
effect and acoustic-structure interaction multiphysics nodes. A user-controlled mesh
was defined to control the size of the elements within each domain of the model. The
individual portions of the model that required a finite element mesh were the solid, water,
and PML domains.

4.8.1

Solid Domain

The solid domain that required meshing consisted of the active-passive
segmented ring transducer. No particular distinction was made in the meshing between
the active and passive segments in the ring geometry. The element shape was selected
as free tetrahedral and the element size was calibrated for general physics within the
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solid domains. Narrow regions of the solid domains were meshed with increased
resolution.

4.8.2

Water Domain

The water domain contains both the inner water domain and the PML domain.
The PML domain was treated separately from the inner water domain to ensure proper
attenuation of the acoustic pressure waves. Similar to the solid domains, the inner water
domain was meshed with a free tetrahedral element shape. The element size was
calibrated for general physics within the inner water domain. The maximum element
size of the mesh was programmed to be a function of the frequency. To achieve this
feature, the upper limit of the frequency range to be solved was converted to its
equivalent wavelength in-water. The upper limit of the frequency range or the minimum
wavelength was then divided by six and applied as the element size of the inner water
domain to achieve proper mesh resolution (COMSOL, 2021).

4.8.3

PML Domain

The PML domain consists of the surrounding layer of the water geometry that
is used to absorb outgoing acoustic pressure waves from the segmented ring transducer.
To properly attenuate acoustic pressure waves in the fluid domain, the element size in
the PML domain must have proper resolution. To achieve this feature, a swept
distribution of five elements were applied to the PML domain (COMSOL, 2021). Then
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the element size applied to the exterior field boundaries between the inner water domain
and the PML domain was programmed as a function of frequency. The thickness of the
exterior field boundary layer was set to be 1/120th the size of the minimum acoustic
wavelength in-water (COMSOL, 2021). Meshing the PML domain in this manner
prevented undesirable reflections within the computational geometry and ensured
accurate simulation of in-water loading conditions on the segmented ring transducer.
Figure 32 and Figure 33 depict the final mesh of the half symmetry segmented ring
transducer model under in-vacuum (in-air) and in-water loading conditions.

Figure 32: Mesh of half symmetry finite element model for a segmented ring transducer under invacuum (in-air) loading conditions
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Figure 33: Mesh of the half symmetry finite element model for a segmented ring transducer under in-water loading conditions

4.9

Studies

When selecting a predefined study type in COMSOL, it is important to first
consider the particular modeling situation and analysis goals. In this research, it was
desired to simulate the frequency response of a multimode segmented ring transducer
using piezoelectric single crystals. This was accomplished through the use of the
eigenfrequency and frequency domain studies defined in COMSOL. These two types of
studies were computed for the multimode segmented ring transducer model under invacuum (in-air) and in-water loading conditions. The following subsections detail the
configuration of these two studies to calculate the desired results.
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4.9.1

Eigenfrequency

The eigenfrequency study was used to extract the resonance and anti-resonance
frequencies of the segmented ring transducer under short- and open-circuit conditions,
respectively. Placing the transducer in a short-circuit condition involved setting the
electrical potential on the positive and negative electrodes of piezoelectric material
equal to zero. Configuration of the open-circuit condition required setting the electrical
potential on one electrode of piezoelectric material equal to zero and leaving the other
electrode undefined. Executing separate eigenfrequency studies for these two
configurations of electrical boundary conditions allowed for computation of the
resonance and anti-resonance frequencies from the segmented ring transducer.
Prior to computing the eigenfrequency studies for the segmented ring transducer,
it is first necessary to have a general idea of the resonance and anti-resonance
frequencies. Knowledge of the resonance and anti-resonance frequencies allows for a
tailored search using the eigenfrequency study, which results in a more computationally
efficient calculation. If the resonance and anti-resonance frequencies are unknown, a
large amount of eigenfrequencies would need to be calculated over a wide bandwidth,
which consumes time and computational resources. To narrow the eigenfrequency
search, a calculation of the resonance and anti-resonance frequencies was performed
analytically. Analytical calculations of the resonance and anti-resonance frequencies
were used to refine the eigenfrequency search and for comparison with results produced
by the finite element model. Agreement of resonance and anti-resonance frequencies
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between analytical and finite element calculations was the first step in validating
simulated results.

4.9.2

Frequency Domain

A frequency domain study was used to compute the impedance function,
transmitting voltage response (TVR), acoustic phase, and beam patterns for the model
of the segmented ring transducer. The settings of the frequency domain study were
configured to solve for a frequency range between 1 – 100 kHz with 1 Vrms of voltage
amplitude over the positive electrodes of the segmented ring transducer. The physics
interfaces and multiphysics couplings selected to be solved consisted of solid mechanics,
electrostatics, pressure acoustics-frequency domain, piezoelectric effect, and acousticstructure boundary. Results obtained from the frequency domain study were used to
validate the finite element model through comparison with analytically modeled results.
The location of the resonance and anti-resonance frequencies in the impedance function
of the finite element and analytical models were compared under in-vacuum (in-air) and
in-water loading conditions. General agreement of the impedance functions produced
from the finite element and analytical models served to validate the simulated results.
Validation of the simulated results permitted for additional studies using the finite
element model that were not possible with the simple analytical model.
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4.9.3

Parametric Sweep

The parametric sweep feature in COMSOL was a useful tool in this research and
allowed for several variations of the segmented ring transducer model to be solved in a
single simulation. This feature was utilized in tandem with the frequency domain study
to modify the voltage and phase applied to the segmented ring transducer to produce the
monopole, dipole, and quadrupole modes of vibration. Post processing of the results
from the parametric study allowed for calculation of the impedance function, TVR,
acoustic phase, and beam patterns for each of these modes under in-vacuum (in-air) and
in-water loading conditions. In general, the parametric sweep served as an efficient tool
to modify the excitation over the positive electrodes of the segmented ring transducer
without having to manually change values and re-solve each computation.

4.10 Results

A number of interesting results were generated from the eigenfrequency and
frequency domain studies of the segmented ring transducer model. This section details
those results and some of the post-processing methods required to produce metrics of
interest. The discussion starts with the results produced from the eigenfrequency study
to examine the comparison between finite element and analytical model resonance and
anti-resonance frequencies. The modal shapes of the resonance and anti-resonance
frequencies are presented for visualization of the segmented ring motion at their
respective modal frequency values. The remainder of results produced from the finite
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element model are computed from the frequency domain study. The results of the
frequency domain study begin with a comparison of finite element and analytical model
impedance functions under in-vacuum (in-air) and in-water loading conditions. The
discussion is then extended to observe the impedance functions of monopole, dipole,
and quadrupole vibration modes produced from the parametric study. Then frequency
response results are wrapped up with a presentation of the transmitting voltage response
(TVR) and acoustic phase for the segmented ring transducer under in-water loading
conditions. The remaining results consist of beam patterns for the monopole, dipole,
and quadrupole modes, followed by directional beam patterns produced through
superposition of the base set of modes.

4.10.1 Modal Shapes and Frequencies

Two separate models of an active-passive segmented ring transducer using
piezoelectric single crystals were developed using analytical and finite element methods.
In this section, modal shapes and frequencies from the finite element model of the
segmented ring transducer are compared with those produced from the analytical model.
General agreement between the two models establishes confidence in the results and
permits for additional study using the finite element model.
The first comparison made between the two models are the modal frequencies
of the segmented ring transducer under in-vacuum (in-air) loading. The modal
frequencies of interest are those associated with the segmented ring breathing mode of
vibration. In Chapter 3, equations for resonance and anti-resonance frequencies were
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formulated for the breathing mode of an active-inactive segmented ring transducer
under in-vacuum (in-air) loading. The resonance and anti-resonance frequencies derived
from the analytical model are directly comparable to the results produced from the
eigenfrequency study for the finite element model. The eigenfrequency study of the
finite element model involved configuring the segmented ring transducer into short- and
open-circuit conditions which produced the corresponding resonance and antiresonance frequencies. Table 7 compares the resonance and anti-resonance frequencies
produced from the analytical and finite element models for the segmented ring
transducer under in-vacuum (in-air) loading conditions.

Table 7: Resonance frequency, anti-resonance frequency, and effective electromechanical
coupling coefficient for analytical and finite element models of the segmented ring transducer
under in-vacuum (in-air) loading conditions

𝒇𝒓

𝒇𝒂

(kHz)

(kHz)

Analytical Model

17.2

32.4

0.85

Finite Element Model

18.7

32.4

0.82

𝒌𝒆𝒇𝒇

The results shown in Table 7 indicate a 1.5 kHz difference in the resonance
frequency between the analytical and finite element models. The effective
electromechanical coupling coefficient shows a difference as well since it is a function
of the resonance and anti-resonance frequencies. The direct cause of this discrepancy is
unidentified, but it is speculated that there are a few factors that may contribute to the
difference in the resonance frequencies. The first factor may be that the analytical model
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is a single degree of freedom system whereas the finite element model has multiple
degrees of freedom associated with its 3-D geometry. The second factor may be
attributed to the elastic properties of single crystal and alumina. The resonance
frequency of the segmented ring transducer is a function of the elastic properties in the
active and passive segments. The ratio of elastic properties between single crystal and
alumina in this particular segmented ring transducer configuration may be the cause of
the resonance frequency discrepancy.
Although a direct comparison of the resonance and anti-resonance frequencies
was available for the analytical and finite element models, an evaluation of the mode
shapes was not accessible. Mode shapes corresponding to the resonance and antiresonance frequencies of the analytical model were not obtained and could only be
accessed with the assistance of the finite element model. Figure 34 depicts the mode
shapes of the resonance and anti-resonance frequencies corresponding to the breathing
mode of the segmented ring transducer finite element model under in-vacuum (in-air)
loading conditions.

Figure 34: Short-circuit resonance frequency (𝒇𝒓 = 18.7 kHz) and open-circuit anti-resonance frequency (𝒇𝒂 = 32.4 kHz) for the segmented ring transducer finite element model under in-vacuum
(in-air) loading conditions
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The next comparison made between the two models are the modal frequencies
of the segmented ring transducer under in-water loading. Similarly, the modal
frequencies of interest are those associated with the breathing mode of vibration.
Analytical equations for the resonance and anti-resonance frequencies under in-water
loading conditions were not formulated, which does not allow for a direct comparison
to the finite element model eigenfrequency results. However, the analytical impedance
function for the segmented ring transducer under in-water loading conditions reveals
the resonance and anti-resonance frequencies associated with the local minimum and
maximum of the breathing mode, respectively. The local minimum and maximum of
the analytical impedance function for the segmented ring transducer under in-water
loading conditions are close approximations to the actual resonance and anti-resonance
frequencies and were used for comparison with the results produced from the
eigenfrequency analysis of the finite element model. Table 8 compares the resonance
and anti-resonance frequencies produced from the analytical and finite element models
for the segmented ring transducer under in-water loading conditions.

Table 8: Resonance frequency, anti-resonance frequency, and effective electromechanical
coupling coefficient for analytical and finite element models of the segmented ring transducer
under in-water loading conditions

𝒇𝒓

𝒇𝒂

(kHz)

(kHz)

Analytical Model

13.7

27.7

0.87

Finite Element Model

16.5

28.8

0.82
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𝒌𝒆𝒇𝒇

The results in Table 8 indicate a 2.8 kHz and 1.1 kHz difference in the resonance
and anti-resonance frequencies between the analytical and finite element models,
respectively. It should also be noted that the effective electromechanical coupling
coefficient remained constant for the finite element model but increased for the
analytical model. The increase in the effective coupling coefficient of the analytical
model is attributed to a disproportional shift in the resonance and anti-resonance
frequencies between in-vacuum (in-air) and in-water loading. On the contrary, the
constant effective coupling coefficient of the finite element model is due to a
proportional shift in the resonance and anti-resonance frequencies between in-vacuum
(in-air) and in-water loading. Observation of the results thus far indicate that when water
loading conditions are applied to the segmented ring transducer, the resonance and antiresonance frequencies shift lower in frequency. The in-water loading applied to the
analytical model shifted the resonance and anti-resonance frequencies 3.5 kHz and 4.7
kHz lower. The in-water loading applied to the finite element model shifted the
resonance and anti-resonance frequencies 2.2 kHz and 3.6 kHz lower. Discrepancies
between the analytical and finite element models in this case can be attributed to the
differences in the in-water loading conditions. The analytical model used spherical
loading, whereas the finite element model used cylindrical loading. Lastly, the mode
shapes for the segmented ring transducer under in-water loading conditions were only
available with the assistance of the finite element model. Figure 35 depicts the mode
shapes of the resonance and anti-resonance frequencies corresponding to the breathing
mode of the finite element model under in-water loading conditions.
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Figure 35: Short-circuit resonance frequency (𝒇𝒓 = 16.5 kHz) and open-circuit anti-resonance frequency (𝒇𝒂 = 28.8 kHz) for the segmented ring transducer finite element model under in-water
loading conditions

4.10.2 Impedance Function

This section details the impedance functions obtained for the finite element and
analytical models of a segmented ring transducer using piezoelectric single crystals. The
impedance function for the finite element model was obtained through the use of the
frequency domain study. The impedance function for the analytical model was
generated through the use of an equivalent circuit for the segmented ring transducer.
Both the finite element and analytical models of the segmented ring transducer were
simulated under in-vacuum (in-air) and in-water loading conditions. General agreement
between the two models permits for additional studies using the finite element model
that are not obtainable with the simple analytical model.
The first step in producing the impedance function for the finite element model
of the segmented ring transducer involved computing the frequency domain study in
COMSOL. Once the frequency domain study had been solved, the electrical quantities

117

needed as input for the impedance function were available in the COMSOL workspace
as variables. The electrical quantities needed for the calculation of the impedance
function were the input voltages ( 𝑉1 , 𝑉2 , 𝑉3 , 𝑉4 ) and the individual currents
( 𝐼1 , 𝐼2 , 𝐼3 , 𝐼4 ). To obtain the individual currents ( 𝐼1 , 𝐼2 , 𝐼3 , 𝐼4 ), the integration operator
function 𝑖𝑛𝑡𝑜𝑝 in COMSOL was used to integrate the current density 𝐽 over the positive
electrodes of piezoelectric material. This required integration of the current density 𝐽
over the four pairs of positive electrodes on the single crystal segments:
𝐼𝟏 = 2 ∗ 𝑖𝑛𝑡𝑜𝑝1((𝑒𝑠. 𝐽𝑑𝑋)𝑛𝑋 + (𝑒𝑠. 𝐽𝑑𝑌)𝑛𝑌 + (𝑒𝑠. 𝐽𝑑𝑋)𝑛𝑍)

(138)

𝐼𝟐 = 2 ∗ 𝑖𝑛𝑡𝑜𝑝2((𝑒𝑠. 𝐽𝑑𝑋)𝑛𝑋 + (𝑒𝑠. 𝐽𝑑𝑌)𝑛𝑌 + (𝑒𝑠. 𝐽𝑑𝑋)𝑛𝑍)

(139)

𝐼3 = 2 ∗ 𝑖𝑛𝑡𝑜𝑝3((𝑒𝑠. 𝐽𝑑𝑋)𝑛𝑋 + (𝑒𝑠. 𝐽𝑑𝑌)𝑛𝑌 + (𝑒𝑠. 𝐽𝑑𝑋)𝑛𝑍)

(140)

𝐼4 = 2 ∗ 𝑖𝑛𝑡𝑜𝑝4((𝑒𝑠. 𝐽𝑑𝑋)𝑛𝑋 + (𝑒𝑠. 𝐽𝑑𝑌)𝑛𝑌 + (𝑒𝑠. 𝐽𝑑𝑋)𝑛𝑍)

(141)

where ( 𝑖𝑛𝑡𝑜𝑝1, 𝑖𝑛𝑡𝑜𝑝2, 𝑖𝑛𝑡𝑜𝑝3, 𝑖𝑛𝑡𝑜𝑝4 ) are the integrator operators for each of the
four positive electrode pairs, ( 𝑒𝑠. 𝐽𝑑𝑋, 𝑒𝑠. 𝐽𝑑𝑌, 𝑒𝑠. 𝐽𝑑𝑍 ) are the current density
components on the material from the electrostatics ( 𝑒𝑠 ) physics interface, and
( 𝑛𝑋, 𝑛𝑌, 𝑛𝑍 ) are the normal components on the material. It should also be noted that
each of the individual currents ( 𝐼1 , 𝐼2 , 𝐼3 , 𝐼4 ) were multiplied by a factor of two to
account for the half symmetry model. The total impedance function 𝑍 was found by
adding the individual impedances over the four pairs of piezoelectric segments.
𝑍=

𝑉1 𝑉2 𝑉3 𝑉4
+ + +
𝐼1 𝐼2 𝐼3 𝐼4

(142)

Calculating the impedance function in this manner was necessary for accurately
generating the dipole and quadrupole frequency responses. It should be noted that all
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impedance functions presented in this section use the impedance magnitude which is
obtained by taking the absolute value of the impedance.
The first comparison of impedance functions was between the finite element and
analytical models under in-vacuum (in-air) loading conditions. Figure 36 depicts the
impedance functions produced from the equivalent circuit and finite element models
from 1 – 100 kHz for the segmented ring transducer under in-vacuum (in-air) loading
conditions.

Figure 36: Equivalent circuit model (blue) vs. finite element model (red) impedance frequency
sweeps from 1 – 100 kHz for the segmented ring transducer under in-vacuum (in-air) loading
conditions

Observation of the two impedance functions shows a discrepancy between the
finite element and analytical models. The locations of the resonance frequencies at the
local minimum of the breathing mode in the impedance functions are not matched well.
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However, the anti-resonance frequencies at the local maximum of the breathing mode
in the impedance functions show good agreement. These observations match the
conclusions derived in the previous section.
There are a couple other notable features that can be taken away from the
comparison of these two models. First, the impedance magnitude levels seem to
generally agree between the finite element and equivalent circuit models. Second, the
multiple degrees of freedom in the finite element model produce an additional vibration
mode in the higher frequency region of the impedance function. The equivalent circuit
model was unable to predict the higher frequency vibration mode due to it only
containing a single degree of freedom.
The next comparison of impedance functions was between the finite element
and analytical models under in-water loading conditions. Figure 37 shows the
impedance functions produced from the equivalent circuit and finite element models for
the segmented ring transducer under in-water loading conditions.
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Figure 37: Equivalent circuit model (blue) vs. finite element model (red) impedance frequency
sweeps from 1 – 100 kHz for the segmented ring transducer under in-water loading conditions

Similar to the results produced in the previous section, Figure 37 shows that the
locations of resonance and anti-resonance frequencies differ between equivalent circuit
and finite element models. In addition, the impedance magnitude level of the equivalent
circuit model under in-water loading appears to be more damped around the breathing
mode when compared to the finite element model. Recall that the in-water equivalent
circuit model used spherical loading whereas the finite element model used cylindrical
loading. This observation suggests that the analytical spherical loading condition
dampens the impedance magnitude more than the cylindrical loading condition imposed
by the finite element model. Outside of the breathing mode at lower and higher
frequencies the impedance magnitude levels seem to agree quite well between the two
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models. Although the resonance frequency, anti-resonance frequency, and impedance
magnitude levels did not match perfectly around the breathing mode, the general
agreement between the two models (noting their inherent differences) gives confidence
that the finite element representation of the segmented ring transducer is accurate and
within acceptable margins of error.
After comparing impedance functions of the segmented ring transducer around
the breathing mode, it was desired to exercise the finite element model to produce higher
order modes of vibration. The single degree of freedom analytical model was only able
to estimate the impedance function of the segmented ring transducer around the
breathing (or monopole) mode. The finite element model has the versatility to be excited
into higher order modes of vibration, such as dipole and quadrupole modes, with proper
excitation. Table 9 shows the basic voltage distribution that was used to excite the
monopole, dipole, and quadrupole modes from the finite element model of the
multimode segmented ring transducer.

Table 9: Basic voltage distribution for exciting monopole, dipole, and quadrupole modes from a
multimode segmented ring transducer

Voltage
Distribution

Monopole

Dipole

Quadrupole

Voltage (V)

Voltage (V)

Voltage (V)

V1

1

1

1

V2

1

1

-1

V3

1

-1

-1

V4

1

-1

1
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Table 9 indicates that a voltage distribution with equal magnitude and proper
phase reversals is required to generate the monopole, dipole, and quadrupole modes.
These three voltage distributions were applied to the finite element model using the
parametric study combined with the frequency domain study. The parametric study
offered the ability to individually apply the voltage distribution of each mode to the
segmented ring transducer and then sweep through the desired frequency range. Similar
to the previous impedance function comparisons, these voltage distributions were
applied over a frequency range from 1 – 100 kHz. Figure 38 depicts the impedance
functions of the segmented ring transducer excited in the monopole, dipole, and
quadrupole modes under in-vacuum (in-air) loading conditions.

Figure 38: Finite element model impedance sweeps from 1 – 100 kHz for the segmented ring
transducer driven in the monopole (blue), dipole (red), and quadrupole (green) modes under invacuum (in-air) loading conditions
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Figure 38 shows how the impedance function of the segmented ring transducer
changes between the monopole, dipole, and quadrupole modes. There is a noticeable
shift in the resonance and anti-resonance frequencies of the segmented ring transducer
that result from the modification of the voltage distribution. Table 10 shows the
resonance frequency, anti-resonance frequency, and effective electromechanical
coupling coefficient extracted from the impedance functions of monopole, dipole, and
quadrupole modes. It should be noted that the results of the monopole mode in Table 10
differ from those previously presented due to the reduced frequency resolution of the
impedance sweep.
Table 10: Resonance frequency, anti-resonance frequency, and effective electromechanical
coupling coefficient for monopole, dipole, and quadrupole modes of the segmented ring
transducer under in-vacuum (in-air) loading conditions

𝒇𝒓

𝒇𝒂

(kHz)

(kHz)

Monopole

18.5

32.5

0.82

Dipole

26.0

37.5

0.72

Quadrupole

41.0

68.5

0.80

𝒌𝒆𝒇𝒇

Inspection of the results presented in Table 10 reveal the relationship between
the values of the resonance frequencies for the monopole, dipole, and quadrupole modes.
Recall the resonance frequencies of higher order modes from a ring transducer are,

𝑓𝑛 = 𝑓𝑟 √𝑛2 + 1

(143)

where 𝑓𝑛 is the modal frequency, 𝑓𝑟 is the resonance frequency, and 𝑛 is the mode
number (Butler and Sherman, 2016). For the case of the dipole ( 𝑛 = 1 ) and quadrupole
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( 𝑛 = 2 ) modes, the modal frequencies are 𝑓1 = 𝑓𝑟 √2 and 𝑓2 = 𝑓𝑟 √5, respectively.
Comparison of the results presented in Table 10 with the relationship presented in Eq.
(143) confirms the implementation of the voltage distribution and the ability of the
segmented ring transducer to produce the impedance functions for monopole, dipole,
and quadrupole modes.
After exercising the three voltage distributions over the segmented ring
transducer under in-vacuum (in-air) loading, it was desired to observe the effect of water
loading on the impedance functions for the monopole, dipole, and quadrupole modes.
Figure 39 depicts the impedance functions of segmented ring transducer excited in the
monopole, dipole, and quadrupole modes under in-water loading conditions.

Figure 39: Finite element model impedance sweeps from 1 – 100 kHz for the segmented ring
transducer driven in the monopole (blue), dipole (red), and quadrupole (green) modes under inwater loading conditions
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Figure 39 shows that the resonance and anti-resonance frequencies of the
monopole, dipole, and quadrupole modes were shifted lower in frequency as a result of
in-water loading. Table 11 details the resonance frequencies, anti-resonance frequencies,
and effective electromechanical coupling coefficients of the segmented ring transducer
excited in the monopole, dipole, and quadrupole modes under in-water loading
conditions.
Table 11: Resonance frequency, anti-resonance frequency, and effective electromechanical
coupling coefficient for analytical and finite element models of the segmented ring transducer
under in-water loading conditions

𝒇𝒓

𝒇𝒂

(kHz)

(kHz)

Monopole

16

29

0.83

Dipole

24

36

0.75

Quadrupole

40

66

0.80

𝒌𝒆𝒇𝒇

Table 11 reveals that Eq. (143) no longer holds true under in-water loading
conditions. However, the shift down in resonance and anti-resonance frequency give an
indication of the water loading impact on the segmented ring transducer. In general,
exercising the finite element model of the segmented ring transducer to produce
monopole, dipole, and quadrupole modes under in-water loading conditions satisfies the
prerequisite for generating directional beam patterns through multimode operation. The
next two sections detail the frequency responses required as input to the voltage
distribution calculation to generate directional beam patterns.
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4.10.3 Transmitting Voltage Response

The transmitting voltage response (TVR) of a transducer describes the pressure
produced at 1 meter relative to the reference pressure in the fluid medium, normalized
to the input voltage. The TVR is commonly interpreted in terms of decibels (dB) as a
function of frequency and measured on the main response axis (MRA) of the transducer.
The TVR for the monopole, dipole, and quadrupole modes are required as input to the
voltage distribution calculation to obtain directional beam patterns of interest from the
segmented ring transducer. To calculate the TVR of the segmented ring transducer, the
finite element model was computed under in-water loading conditions. This required a
multiphysics simulation using both the piezoelectric effect (i.e., the coupling of
electrostatics and solid mechanics physics interfaces) and the acoustic-structure
interaction (i.e., the coupling of solid mechanics and pressure acoustics, frequency
domain physics interfaces). To solve for the TVR of the monopole, dipole, and
quadrupole modes, a parametric study was used in combination with a frequency
domain study performed from 1 – 100 kHz. Once the study had been solved, the acoustic
quantities needed as input for the impedance function were available in the COMSOL
workspace as variables. The acoustic quantities needed for the calculation of the TVR
were computed from the exterior field calculation node defined in the pressure acoustics,
frequency domain physics interface. Recall that the exterior field calculation node
computed the pressure ( 𝑝𝑒𝑥𝑡 ) at any x-y-z coordinate outside the computational
domain. Using COMSOL syntax, the exterior field pressure was calculated at 1 meter
on the MRA of the segmented ring transducer using
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𝑝𝑒𝑥𝑡 = 𝑝𝑒𝑥𝑡 (𝑥, 𝑦, 𝑧) = 𝑝𝑒𝑥𝑡 (0,1,0)

(144)

The TVR of a transducer is typically calculated using the root-mean-squared (rms) value
of the pressure. The exterior field pressure at 1 meter was converted to its rms value
through,
1
𝑝𝑟𝑚𝑠 = √ 𝑝𝑒𝑥𝑡 𝑝𝑒𝑥𝑡 ∗
2

(145)

where 𝑝𝑒𝑥𝑡 ∗ is the complex conjugate of the exterior field pressure (COMSOL, 2021).
The TVR was then computed using:

𝑇𝑉𝑅 = 20 log10 (

𝑝𝑟𝑚𝑠
)
𝑝𝑟𝑒𝑓 𝑉𝑟𝑚𝑠

(146)

where 𝑝𝑟𝑒𝑓 is the reference pressure in water (i.e., 1 μPa) and 𝑉𝑟𝑚𝑠 is the input rms
voltage. The units of TVR are expressed as decibels (dB) relative to 1 μPa per volt at 1
meter (i.e., dB // μPa/V at 1 m). Figure 40 depicts the results of the TVR calculation for
the segmented ring transducer excited in the monopole, dipole, and quadrupole modes
under in-water loading conditions.
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Figure 40: Transmitting Voltage Response (TVR) frequency sweeps from 1 – 100 kHz for the segmented ring transducer driven in the monopole (blue), dipole (red), and quadrupole (green)
modes

Figure 40 shows that the peak levels of the TVR correspond to the locations of
the segmented ring transducer resonance frequencies under in-water loading conditions.
As mentioned previously, the levels of TVR for the monopole, dipole, and quadrupole
modes are necessary as input to the voltage distribution calculation required to generate
directional beam patterns from the segmented ring transducer. Table 15 in Section
4.10.6 details the TVR values from monopole, dipole, and quadrupole modes that were
extracted at discrete frequencies and used in the voltage distribution calculation.
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4.10.4 Acoustic Phase

The acoustic phase describes the angular position of the acoustic pressure in
units of degrees (°). The acoustic phase is required as input to the voltage distribution
calculation to obtain directional beam patterns of interest from the segmented ring
transducer. The calculation of acoustic phase is similar to the computation of TVR in
that it requires the exterior field pressure ( 𝑝𝑒𝑥𝑡 ) at 1 meter on the MRA of the
segmented ring transducer under in-water loading conditions. The acoustic phase in
terms of the exterior field pressure is

𝜙 = tan−1

imag( 𝑝𝑒𝑥𝑡 )
.
real( 𝑝𝑒𝑥𝑡 )

(147)

Figure 41 depicts the acoustic phase for the segmented ring transducer excited
in the monopole, dipole, and quadrupole modes of vibration under in-water loading
conditions.
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Figure 41: Phase of the acoustic pressure at 1 meter for the segmented ring transducer driven in
the monopole (blue), dipole (red), and quadrupole (green) modes

The levels of acoustic phase for the monopole, dipole and quadrupole modes
were selected at discrete frequencies and used as input to the voltage distribution
calculation to generate directional beam patterns from the segmented ring transducer.
Table 15 in Section 4.10.6 details the acoustic phase values from monopole, dipole, and
quadrupole modes that were extracted at discrete frequencies and used in the voltage
distribution calculation.
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4.10.5 Beam Patterns

In this research, beam patterns are a polar representation of radiated acoustic
pressure in a plane around the segmented ring transducer. The plane in which the beam
patterns are measured lies perpendicular to the cylindrical axis of the segmented ring
transducer (also known as the horizontal plane). The beam patterns are calculated at a
radial distance of 1 meter from the acoustic center of segmented ring transducer. The
acoustic center of the segmented ring transducer is located at the (0, 0, 0) point in x-y-z
coordinates. Displaying the beam patterns of the segmented ring transducer at a fixed
radial distance allowed for an evaluation of how the radiated acoustic pressure changes
with angle and frequency.
The focus of this research lies in developing an understanding of the frequency
range where directional beam patterns can be generated from a segmented ring
transducer using piezoelectric single crystals. The method used to generate directional
beam patterns required a weighted superposition of monopole, dipole, and quadrupole
modes. The degree to which a directional beam pattern can be achieved depends on the
ability in which the segmented ring transducer can form the monopole, dipole, and
quadrupole responses. Therefore, the beam pattern results in this section are outlined
such that the monopole, dipole, and quadrupole modes are presented first, followed by
the directional modes. The directional modes of interest are cardioid and narrow
cardioid beam patterns. The cardioid beam pattern is formed with contributions from
the monopole and dipole modes. The narrow cardioid beam pattern uses the quadrupole
in addition to the monopole and dipole modes. Cross comparisons are made between
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the base set of modes and the directional modes to evaluate the ability of the segmented
ring transducer to generate beam patterns of interest at discrete frequencies. In addition,
the directional beam patterns were compared against ideal characteristics to investigate
the degree to which the desired response could be achieved.
The following sections detail the beam patterns produced from the finite element
model of the segmented ring transducer under in-water loading conditions at discrete
frequencies between 10 – 50 kHz. The specific frequencies presented in the following
sections were chosen so that comparisons could be made to measurements that were
performed on a physically constructed multimode segmented ring transducer (see
Chapter 6 for in-water test results). As is convention, the beam patterns are displayed
using polar plots, where the radial divisions are the exterior field pressure ( 𝑝𝑒𝑥𝑡 ) at 1
meter, relative to the reference pressure in water (i.e., 1 μPa), in units of decibels (dB)
and the angular divisions are rotational increments in units of degrees (°). In addition,
the beam patterns are normalized to the value of acoustic pressure produced in the
direction of the main response axis (MRA).

4.10.5.1 Monopole

A monopole beam pattern is produced from the segmented ring transducer when
it is excited with uniform voltage amplitude without any phase reversals. The resultant
beam pattern under uniform excitation is equal acoustic pressure amplitude at all
rotational increments around the segmented ring transducer. The ideal shape of the
monopole beam pattern is a circle in the horizontal plane which provides an

133

omnidirectional response or 360° coverage in all directions. To understand the
frequency range in which the monopole mode can be formed, beam patterns were
generated at discrete frequencies between 10 – 50 kHz. Figure 42 displays the beam
patterns for the segmented ring transducer excited in the monopole mode. Note that the
ideal beam pattern for the monopole mode was plotted against the results produced from
the finite element model for comparison. Table 12 details a statistical analysis of the
beam patterns to provide insight into the response of the segmented ring transducer
when it is driven in the monopole mode. From the results presented in Table 12, it can
be determined that monopole beam patterns are accurately generated from the finite
element model of the segmented ring transducer between 10 – 40 kHz. The only
increment within the frequency range in which the segmented ring transducer deviated
from the ideal response was at 50 kHz.

Table 12: Statistics for normalized monopole beam patterns between 10 - 50 kHz for the finite
element model of the segmented ring transducer

Frequency
(kHz)

Minimum
(dB)

Maximum
(dB)

Mean
(dB)

Std. Dev.
(dB)

10
20
25
30
35
40
50

0.0
0.0
0.0
0.0
0.0
0.0
-1.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
-0.5

0.0
0.0
0.0
0.0
0.0
0.0
0.4
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Figure 42: Finite element model (red) versus ideal (black) monopole beam patterns from 10 - 50 kHz. All electrode pairs were driven with equal voltage
amplitude and phase.

4.10.5.2 Dipole

A dipole beam pattern is produced from the segmented ring transducer when it
is excited with uniform voltage amplitude with phase reversals applied to one-half of
the electrode pairs (𝑉3 , 𝑉4 ). The resultant beam pattern has front and rear lobes with -3
dB beam widths (BW) of 90°. The ideal shape of the dipole is a figure-eight in the
horizontal plane with nulls perpendicular to the MRA. To understand the frequency
range in which the dipole mode can be formed, beam patterns were generated at discrete
frequencies between 10 – 50 kHz. Figure 43 displays the beam patterns for the
segmented ring transducer excited in the dipole mode. Note that the ideal beam pattern
for the dipole mode was plotted against the results produced from the finite element
model for comparison. Table 13 details a statistical analysis of the beam patterns to
provide insight into the response of the segmented ring transducer when it is driven in
the dipole mode. From the results presented in Table 13 and Figure 43, it can be
determined that dipole beam patterns are accurately generated from the finite element
model of the segmented ring transducer between 10 – 35 kHz. The results in Table 13
alone can be misleading at the 40 kHz frequency. The shape of the dipole modes around
40 – 50 kHz begin to deviate from the ideal response. It should also be noted that the
dipole mode at 25 kHz has the closest shape and beam pattern characteristics to the ideal
case. It is speculated that the agreement between the finite element model and the ideal
case at 25 kHz is due to the proximity of the dipole resonance frequency at 24 kHz.
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Table 13: Dipole beam widths for the front and rear lobes between 10 - 50 kHz

Frequency
(kHz)

Front Lobe

Rear Lobe

BW (°)

BW (°)

10
20
25
30
35
40
50

88
88
89
92
92
90
114

88
88
89
92
92
90
114
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Figure 43: Finite element model (red) versus ideal (black) dipole beam patterns from 10 - 50 kHz. All electrode pairs were driven with equal voltage
amplitude. 𝑽𝟑 and 𝑽𝟒 were driven 180° out of phase with 𝑽𝟏 and 𝑽𝟐 .

4.10.5.3 Quadrupole

A quadrupole beam pattern is formed from the segmented ring transducer when
it is excited with uniform voltage amplitude and phase reversals over the two central
electrodes pairs (𝑉2 , 𝑉3 ). The resultant beam pattern has four lobes with -3 dB beam
widths (BW) of 45°. The ideal quadrupole beam pattern consists of two figure-eights
perpendicular to one another in the horizontal plane with nulls separated 90° apart. To
understand the frequency range in which the quadrupole mode can be formed, beam
patterns were generated at discrete frequencies between 10 – 50 kHz. Figure 44 displays
the beam patterns for the segmented ring transducer excited in the quadrupole mode.
Note that the ideal beam pattern for the quadrupole mode was plotted against the results
produced from the finite element model for comparison. Table 14 details a statistical
analysis of the beam patterns to provide insight into the response of the segmented ring
transducer when it is driven in the quadrupole mode. From the results presented in Table
14 and Figure 44, it can be determined that quadrupole beam patterns are accurately
generated from the finite element model of the segmented ring transducer between 10 –
40 kHz. Table 14 can be misleading since it does not take into account the shape of the
quadrupole response, which is well formed between 10 – 40 kHz. The shape of the
quadrupole mode at 50 kHz begins to deviate from the ideal response. Unlike the dipole
mode, the beam pattern characteristics of the quadrupole mode at its resonance
frequency of 40 kHz are not close to the ideal case. Despite the -3 dB beam widths not
matching the ideal case at 40 kHz, the quadrupole mode displays its highest TVR value
at this frequency.
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Table 14: Quadrupole beam widths for the front, right, rear, and left lobes between 10 - 50 kHz

Frequency
(kHz)
10
20
25
30
35
40
50

Front Lobe

Right Lobe

Rear Lobe

Left Lobe

BW (°)

BW (°)

BW (°)

BW (°)

44
44
44
56
36
32
78

44
44
44
55
36
32
78

44
44
42
55
36
32
78

44
44
42
55
36
31
78

140

141
Figure 44: Finite element model (red) versus ideal (black) quadrupole beam patterns from 10 - 50 kHz. All channels were driven with equal voltage
amplitude. 𝑽𝟐 and 𝑽𝟑 were driven 180° out of phase with 𝑽𝟏 and 𝑽𝟒 .

4.10.6 Directional Beam Patterns

In general, there are many methods for achieving directional acoustic radiation
patterns. In this research, the method of forming directional beam patterns required the
superposition of higher order modes of vibration from a cylindrical transducer. The
cylindrically shaped transducer of interest is a segmented ring transducer using
piezoelectric single crystals and the base set of modes used to form a desired directional
response consist of monopole, dipole, and quadrupole modes.
The intent is to evaluate the frequency range in which directional beam patterns
can accurately be formed from a segmented ring transducer using piezoelectric single
crystals. To accomplish this goal, two types of directional beam patterns were selected
as candidates for demonstration. The first type of directional beam pattern is a classical
cardioid. The classical cardioid beam pattern sought to evaluate the ability of the
segmented ring transducer to form a directional response using only the monopole and
dipole modes. The second type of directional beam pattern is a narrow cardioid. The
narrow cardioid beam pattern sought to evaluate the ability of the segmented ring
transducer to form a directional response using the quadrupole mode in addition to the
monopole and dipole modes. Both types of directional beam patterns were formed at
discrete frequencies ranging from 10 – 50 kHz in an effort to conduct a wideband
evaluation.
The methodology to obtain directional beam patterns from a cylindrical
transducer using monopole, dipole, and quadrupole modes was described in Section
3.2.4. Recall that the input to the calculation of the voltage distribution to generate
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directional beam patterns required both the TVR (i.e., the SPL normalized to a unit of
applied voltage) and acoustic phase of the monopole, dipole, and quadrupole modes
from the segmented ring transducer under in-water loading conditions. As previously
shown, the TVR and acoustic phase were produced for the monopole, dipole, and
quadrupole modes over a range of frequencies. Table 15 shows the values extracted
from the TVR and acoustic phase at discrete frequencies between 10 – 50 kHz. These
values were processed through the voltage distribution calculation using weighting
coefficients for classical cardioid and narrow cardioid type beam patterns. The classical
cardioid beam patterns required a dipole weighting coefficient 𝐴 = 1 and quadrupole
weighting coefficient 𝐵 = 0. The narrow cardioid beam patterns required a dipole
weighting coefficient 𝐴 = 1 and quadrupole weighting coefficient 𝐵 = 1 . The
calculated distributions for these two types of directional beam patterns were then
normalized to the electrode pair 𝑉1 and adjusted relative to the desired input voltage.
Table 17 and Table 19 detail the manipulation of the voltages to arrive at the relative
distributions applied to the segmented ring transducer to produce classical cardioid and
narrow cardioid beam patterns at each discrete frequency.
The classical cardioid and narrow cardioid responses were evaluated through
comparison with ideal beam pattern characteristics. The characteristics used to evaluate
the directional beam patterns consisted of -3 dB beam width (BW), front-to-back ratio,
levels at 90° (90L) and 270° (270L), and beam pattern shape. The following sections
detail the results of the characterization and conclusions drawn for classical cardioid
and narrow cardioid beam patterns produced from the finite element model of a
segmented ring transducer under in-water loading conditions.
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Table 15: Transmitting Voltage Response (TVR) and acoustic phase on MRA for the finite element model of the segmented ring transducer measured
between 10 – 50 kHz

Frequency
(kHz)

144

10
20
25
30
35
40
50

Monopole

Dipole

Quadrupole

TVR
(dB//uPa/V @ 1m)

Phase
(°)

TVR
(dB//uPa/V @ 1m)

Phase
(°)

TVR
(dB//uPa/V @ 1m)

Phase
(°)

124
124
122
126
126
125
116

89
44
29
85
-45
7
-41

112
133
151
131
118
121
123

-1
90
10
27
-48
67
6

90
112
119
122
135
158
122

86
-2
44
-88
-39
51
27

4.10.6.1 Classical Cardioid

A classical cardioid beam pattern is commonly used in underwater acoustic
transduction applications due to its uni-directional characteristics. The classical cardioid
beam pattern allows for a majority of sound to be oriented in the forward-facing
direction with significant reduction in the rear facing direction. In the ideal case, the
classical cardioid beam pattern has a -3 dB beam width of 131°, a null in the rear, and 6 dB levels on the axis perpendicular to the MRA.
As mentioned previously, the classical cardioid beam pattern was obtained by
applying a voltage distribution to the segmented ring transducer with contributions from
the monopole and dipole modes. Table 17 details the relative voltage distribution
applied to the segmented ring transducer to obtain the classical cardioid beam patterns.
Figure 45 displays the resultant classical cardioid beam patterns produced from the
segmented ring transducer at discrete frequencies between 10 – 50 kHz. Each of these
classical cardioid beam patterns were analyzed to calculate the degree to which the
response matched the ideal case. Table 16 details the results of the classical cardioid
beam pattern characterization.
The results in Table 16 and shapes in Figure 45 reveal that the classical cardioid
beam patterns could be achieved with a high level of accuracy at 10, 20, and 30 kHz. At
25 kHz, the proximity of the dipole resonance frequency dominates frequency response
and did not allow the segmented ring transducer to form the classical cardioid beam
pattern. Although the monopole and dipole frequencies were well formed at 35 kHz, the
classical cardioid beam pattern was unable to be formed at this frequency. In the higher
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frequency range between 40 – 50 kHz, the dipole beam patterns deviated from the ideal
shape, which resulted in compounded error that propagated into the response of the
classical cardioid beam patterns. It can be concluded from the results that classical
cardioid beam patterns were well formed from the segmented ring transducer between
10 – 30 kHz with the exception of the dipole resonance frequency present at 25 kHz.

Table 16: Finite element model vs. ideal classical cardioid beam pattern characteristics

Frequency
(kHz)

BW
(°)

F2B
(dB)

90L
(dB)

270L
(dB)

10
20
25
30
35
40
50

129
129
90/84
132
162
103
114

-59
-63
0
-68
-4
-19
-15

-6
-6
-26
-6
-2
-7
-9

-6
-6
-28
-6
-2
-7
-6

Ideal

131

Null

-6

-6
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Table 17: Voltage distribution for classical cardioid beam patterns between 10 – 50 kHz from the finite element model for a segmented ring transducer

Calculated Distribution

Normalized Distribution

Relative Distribution

Voltage
Distribution

Magnitude

Phase (°)

Magnitude

Phase (°)

10

2.6
2.6
2.7
2.7

-13
-13
-164
-164

1
1
1.01
1.01

0
0
-151
-151

Voltage (Vrms)
0.99
0.99
1
1

Phase (°)

V1
V2
V3
V4

20

V1
V2
V3
V4

0.8
0.8
0.5
0.5

-56
-56
-27
-27

1
1
0.63
0.63

0
0
29
29

1
1
0.63
0.63

0
0
29
29

25

V1
V2
V3
V4

0.9
0.9
0.8
0.8

-29
-29
-30
-30

1
1
0.94
0.94

0
0
-1
-1

1
1
0.94
0.94

0
0
-1
-1

30

V1
V2
V3
V4

0.7
0.7
0.4
0.4

-64
-64
-121
-121

1
1
0.61
0.61

0
0
-57
-57

1
1
0.61
0.61

0
0
-57
-57

35

V1
V2
V3
V4

1.8
1.8
0.8
0.8

47
47
-130
-130

1
1
0.47
0.47

0
0
-178
-178

1
1
0.47
0.47

0
0
-178
-178

40

V1
V2
V3
V4

1.3
1.3
0.8
0.8

-45
-45
77
77

1
1
0.62
0.62

0
0
122
122

1
1
0.62
0.62

0
0
122
122

50

V1
V2
V3
V4

2.1
2.1
1.2
1.2

27
27
66
66

1
1
0.58
0.58

0
0
39
39

1
1
0.58
0.58

0
0
39
39
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Frequency
(kHz)

0
0
-151
-151
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Figure 45: Finite element model (red) versus ideal (black) classical cardioid beam patterns from 10 - 50 kHz.

4.10.6.2 Narrow Cardioid

The narrow cardioid beam pattern builds upon the classical cardioid to achieve
a larger degree of directionality. In the narrow cardioid beam pattern, the increase in
directionality results from the addition of the quadrupole mode to the base set of
monopole and dipole modes. In the ideal case, the narrow cardioid beam pattern has a 3 dB beam width of 72°, a -10 dB front-to-back ratio, and nulls on the axes perpendicular
to the MRA.
As mentioned previously, the narrow cardioid beam pattern was obtained by
applying a voltage distribution to the segmented ring transducer with contributions from
the monopole, dipole, and quadrupole modes. Table 19 details the relative voltage
distribution applied to the segmented ring transducer to obtain the narrow cardioid beam
patterns. Figure 46 displays the resultant narrow cardioid beam patterns produced from
the segmented ring transducer at discrete frequencies between 10 – 50 kHz. Each of
these narrow cardioid beam patterns were analyzed to calculate the degree to which the
response matched the ideal case. Table 18 details the results of the narrow cardioid beam
pattern characterization.
The results in Table 18 and shapes in Figure 46 reveal that the narrow cardioid
beam patterns could be achieved with a high level of accuracy at 20 and 30 kHz. At 10,
25, and 35 kHz, the narrow cardioid beam patterns deviate from the ideal response. At
40 kHz, the resonance frequency of the quadrupole dominates the response and did not
allow the segmented ring transducer to form the narrow cardioid beam pattern. At 50
kHz, all three of the base modes stray from the ideal response which results in an
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abnormal narrow cardioid beam pattern shape and characteristics. It can be concluded
from the results that the narrow cardioid beam pattern could only be well formed at 20
and 30 kHz. The remainder of the frequencies diverged from the ideal response. The
results presented in this chapter give a simulated prediction of what to expect from a
physically constructed multimode segmented ring transducer using piezoelectric single
crystals.

Table 18: Finite element model vs. ideal narrow cardioid beam pattern characteristics

Frequency
(kHz)

BW
(°)

F2B
(dB)

90L
(dB)

270L
(dB)

10
20
25
30
35
40
50

108
70
108
76
112
33/27/27/26
180

0
-10
0
-10
0
-1
-4

-6
-45
-6
-44
-6
-1
-2

-6
-45
-6
-45
-6
-1
-3

Ideal

72

-10

Null

Null

150

Table 19: Voltage distribution for narrow cardioid beam patterns between 10 – 50 kHz from the finite element model for a segmented ring transducer

Calculated Distribution

Normalized Distribution

Relative Distribution

Voltage
Distribution

Magnitude

Phase (°)

Magnitude

Phase (°)

10

33
32
32
33

-82
89
98
-91

1
0.95
0.96
0.99
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Figure 46: Finite element model (red) versus ideal (black) narrow cardioid beam patterns measured from 10 - 50 kHz

CHAPTER 5

TRANSDUCER CONSTRUCTION

5.1

Drawing Package

A drawing package consisting of several components required in the
construction of the multimode transducer was developed. The drawing package was
necessary for transducer construction, as it was the means for communicating design
details to personnel involved in the fabrication of the components. The following
subsections detail the various assemblies and components that were designed and
fabricated for construction and testing of the multimode transducer.

5.1.1

Segmented Ring Transducer Assembly

The segmented ring is the desired transducer design for multimode operation
because it allows voltage to be applied over spaced electrodes on active elements.
Multimode operation requires exciting and superimposing higher order vibrational
modes to produce directional acoustic radiation patterns. The particular vibrational
modes used to generate directional beam patterns are the omnidirectional (monopole),
dipole, and quadrupole modes. To excite all three of these vibration modes, a minimum
of eight symmetrically spaced active and passive elements were needed in the
segmented ring geometry. The controllable dimensions of the segmented ring transducer
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consist of the ring length 𝐿, thickness 𝑡, and average radius 𝑎 as well as the number of
segments 𝑛 and ratio of active to passive material in the ring 𝜂. Figure 47 depicts the
segmented ring transducer that was designed for multimode operation and optimized for
high effective electromechanical coupling 𝑘𝑒 .

Figure 47: Segmented ring transducer assembly with active (orange) and passive (white) segments. Active segments are 24%PIN-PMN-PT piezoelectric single crystals poled along the [011]
direction operating in the 32-mode. Passive segments are alumina (Al2O3).

The segmented ring depicted in Figure 47 shows the active elements in orange
and passive elements in white. The active elements consist of 24%PIN-PMN-PT
piezoelectric single crystals poled along the [011] direction operating in the 32-mode.
The passive elements are aluminum oxide or alumina (Al2O3), which when combined
with single crystal achieve 97% of the material coupling coefficient. The active and
passive elements in the segmented ring have equal arc length, and thus equivalent
geometries. Conventionally, segmented rings use elements that have circular arc lengths,
but inherent single crystal manufacturing limitations constrain the design to use
trapezoidal segments instead. The 32-mode operation of the piezoelectric single crystal
material means that the electric field is applied in the radial (3) direction of the ring,
which results in strain in the circumferential (2) direction. Therefore, the electrodes were
deposited on the inner and outer areas of the crystal segments, resulting in a few
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practical advantages. First, operation in the 32-mode does not require the use of
additional electrodes between segments, which would be necessary if the single crystal
material were operated in the 33-mode. Including electrodes between segments in the
33-mode design also means including additional material (typically copper electrodes)
with elastic properties, which acts to modify the effective compliance of the ring and
consequentially, the resonance frequency. Having the electrodes on the inner and outer
areas of the segments permits for all electrode wiring to be contained within the interior
of the ring. Therefore, the 32-mode segmented ring was deemed the most practical
transducer design for demonstrating single crystal in multimode operation.

5.1.2

Segmented Ring Gluing Fixture Assembly

Once the dimensions of the rings were established, a means of physically
assembling the segments into the desired geometry was required. Therefore, a gluing
fixture was designed and implemented to assemble segments into a ring geometry.
Figure 48 depicts the gluing fixture used to assemble the segmented rings.

Figure 48: Segmented ring gluing fixture assembly
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The gluing fixture design presented in Figure 48 is unique to the segmented ring
dimensions required for this transducer application. However, future gluing fixtures for
assembling segmented rings can leverage this design, as it has the potential to scale for
larger or smaller ring dimensions, and possibly more or less segments. Details on the
operation and implementation of the gluing fixture are included in Section 5.4.1 the
transducer construction section of this report.

5.1.3

Segmented Ring Wrapping Assembly

One of the steps required to prepare the segmented rings for inclusion in the
overall transducer assembly involves circumferentially pre-stressing the rings with fiber
winding. To support this ring preparation step, a mandrel with end caps was designed
to stage rings for fiber wrapping. Figure 49 depicts the segmented ring transducer
wrapping assembly, which contains the mandrel and end caps designed for fiber
wrapping.

Figure 49: Segmented ring transducer wrapping assembly
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The mandrel was designed such that the rings would rest over it while the caps
secured both ends. The end caps took on a gear-shaped design with individual teeth (or
cogs) to allow the fibers to feed onto the ring without slipping off the edge. The mandrel
was initially intended to fit within the interior of the segmented ring. However, this
required a tight dimensional tolerance, which was unable to be achieved after using the
gluing fixture to assemble the segmented rings. Error was introduced into the
dimensions of each ring after cementing with the gluing fixture. Therefore, the idea of
using a mandrel was abandoned. Instead, the end caps alone were used to adequately
stage the segmented rings for fiber wrapping. It was initially believed that wrapping the
segmented rings without a mandrel would result in fracture of the glue joints between
segments due to the circumferential pre-stress of the fibers. This proved to be false, as
the rings were able to be wrapped simply with the use of two end caps. For additional
information, the reader is directed to Section 5.4.4 of this report that details the operation
and implementation of the fiber winding process for the ring transducer wrapping
assembly.

5.1.4

Multimode Transducer Assembly

The overarching goal of this research project was to demonstrate the frequency
range of multimode generated acoustic radiation patterns in-water using an activepassive segmented ring transducer with single crystal maximized for high bandwidth
operation. This goal was made possible with the transducer assembly depicted in Figure
50, which provided a housing for the segmented rings to support in-water testing.
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Figure 50: Multimode transducer assembly

There are a number of components that comprise the multimode transducer
assembly shown in Figure 50. First off, several segmented rings are stacked on top of
one another with corprene spacers to achieve the desired height, which acts to increase
the acoustic beam width of the device in the vertical orientation. Next, a bulkhead
connector with stainless steel threads is fed through the top end cap and secured on the
inside of the ring transducer stack using a hex nut. The 9-pin electrical connector has 8pins dedicated for applying voltage to the single crystal segment’s positive electrodes
and 1-pin for common grounding of the negative electrodes. The segmented ring stack
is secured in place by two stainless steel end caps and four bolts tightened such that the
radial motion of the rings is not constrained. Lastly, the multimode transducer assembly
is waterproofed by encapsulating the ring stack in polyurethane. Dielectric insulation is
provided for the interior of the ring stack using two injection ports for pouring sulfur
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hexafluoride (SF6) gas. The resultant transducer design allowed for in-water testing and
demonstration of multimode generated directional beam patterns from segmented rings
comprised of piezoelectric single crystals.

5.2

Material Specification

After developing a drawing package for the various components of the
transducer design, it was desired to move forward and procure materials necessary for
construction of the device. The components of the transducer were divided into two
different material procurement categories: internal and external. All materials obtained
internally were coordinated with the machine shop to be either procured or fabricated.
Components specific to the transducer design that were not readily available as
commercial items off-the-shelf (COTS) required fabrication through the machine shop.
The components of the transducer design that needed fabrication through the machine
shop were the alumina segments, the top and bottom end caps of the transducer
assembly, and the segmented ring gluing fixture assembly. The alumina segments,
however, were unable to fabricated by the machine shop due to ceramic machining
restrictions, which required the use of an external vendor (Ferro®-Ceramic Grinding,
Wilmington, MA) to facilitate manufacture.
Materials obtained externally consisted of a low profile 9-pin stainless steel
bulkhead electrical connector (P/N: LPBH9MSS) and a 50 ft. (15.2 m) inline waterproof
cable (P/N: LPIL9F) from the vendor SubConn-MacArtney (Rockland, MA). In
addition, specification sheets for single crystal material were sent to TRS Technologies
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(State College, PA) and CTS Corporation (Lisle, IL) for quotation. The single crystal
specification sheet indicated material composition, poling and sample orientation,
properties, dimensions/tolerances, electrode material, surface finish, quantity, data
reporting requirements, and a proposed delivery timeframe (IEEE, 2017). Ultimately,
CTS Corporation quoted a higher quantity of single crystal material at a lower price and
was awarded the purchase order. Details of the single crystal specification used to order
the material are provided in Table 20-Table 22 for reference.
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Table 20: Single crystal segment specification

Single Crystal Specification
Material Composition
Poling and Sample Orientation
Electrode Material
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Surface Finish
Material Data Reporting

Nominal 24%PIN-PMN-PT ternary single crystal in composition suitable for high power
application.
Orientation of poling is along the [011] crystal axis.
Sputtered Chromium (Cr)/Gold (Au) electrodes. Chromium thickness of 300 Angstroms. Gold
thickness of 2000 Angstroms. Positive electrode indicated by red dot.
Manufacturer shall use best machining and polishing practices to ensure high mechanical
strength of the segments. The segments should be free from cracks, chips, pits, and voids
along all segment faces, edges, and corners.
Vendor shall report capacitance, tan δ, and dimensions for each segment.

Quantity

72 segments

Delivery

10 weeks

Table 21: Single crystal segment material property specification

Material Properties
Capacitance

800 x 10-12 [F] ± 10.0%

Relative Permittivity K33T

3600 ± 10.0%

Dielectric Loss Factor tan δ

≤0.005

Piezoelectric Constant d32

-1200 x 10-12 [C/N] ± 8.0%

Compliance s22E

59 x 10-12 [m2/Pa]

Coupling Factor k32

0.87

Density

8100 [kg/m3]

Table 22: Single crystal segment dimensions and tolerances (dimensions are in units of inches)

Dimensions and Tolerances
Outer Width

0.344"

Inner Width

0.311"

Height

0.247"

Thickness

0.083"

Dimensional Tolerance

0.002"

Parallelism

0.002"

Flatness

0.005"
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5.3

5.3.1

Material Preparation

Material Inspection

Upon receipt of the single crystal and alumina segments, each specimen was
visually inspected for defects and their physical properties measured and recorded.
Powder free nitrile gloves were used to handle each crystal to prevent contamination.
Crystal samples were held underneath an LED light to examine for cracks, chips, pits,
and voids along all segment faces, edges, and corners. All single crystal segments
appeared to be free of any physical defects. The dimensions of the crystals were
obtained using digital calipers. Teflon tape was adhered to the jaws of the calipers to
protect the crystals from inadvertent damage. The calipers were then calibrated to
account for the thickness of the Teflon tape prior to individually measuring the 72 single
crystal segments. Each segment was measured multiple times to ensure accuracy. An
example of a single crystal segment after receipt from the manufacturer is depicted in
Figure 51.

Figure 51: Single crystal segment
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5.3.2

Material Evaluation

A series of physical and electrical measurements were performed on the 72
single crystal segments to characterize their properties at room temperature. The various
types of measurements obtained allowed for a statistical evaluation and determination
of individual segments for specific ring allocations. Measurements were performed over
a two-day period at approximately 45% relative humidity and 65 °F. This began with
measuring the mass of the crystal segments using a Mettler Toledo AG245 analytical
balance (with a precision of 0.01 mg). The material density was then calculated using
the crystal dimensions and mass with knowledge of the segment volume. The crystal
segment geometry is that of a trapezoidal prism and its volume was found through:
𝑉=

1
(𝑤
+ 𝑤𝑜𝑢𝑡𝑒𝑟 )𝑡𝐿
2 𝑖𝑛𝑛𝑒𝑟

(148)

where 𝑡 is the thickness, 𝐿 is the height, and 𝑤𝑖𝑛𝑛𝑒𝑟 and 𝑤𝑜𝑢𝑡𝑒𝑟 are the inner and outer
widths or arclengths of the segment, respectively. The remaining portion of
measurements obtained for the crystal segments consisted of small signal electrical
quantities. Although the active segments were designed and manufactured to operate
using the 32-mode, each crystal was tested using a quasi-static KCF Technologies
PM3500 𝑑33 meter as a means of obtaining a qualitative metric of the consistency
between each piezoelectric specimen. A representative 𝑑33 Berlincourt meter is shown
in Figure 52 for clarification of the device used to conduct the measurement.
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Figure 52: KCF Technologies PM3500 𝒅𝟑𝟑 meter

The next set of measurements took place using a Keysight E4980A precision
LCR meter (20 Hz – 2 MHz Model) to obtain the parallel capacitance 𝐶𝑝 and dielectric
loss tangent tan 𝛿 of the crystal segments. A representative LCR meter is depicted in
Figure 53.

Figure 53: Keysight E4980A Precision LCR Meter (20 Hz - 2 MHz Model)

Prior to collecting data for the crystal segments, the LCR meter required a short
and open circuit calibration of the test fixture to ensure accurate measurements. The
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crystals were inserted such that their electrode faces were in contact with the electrical
leads of the fixture and the LCR meter was programmed to output the parallel
capacitance 𝐶𝑝 and dielectric loss tangent tan 𝛿 of the crystal specimens under 1 Vrms at
1 kHz excitation. The measurements were recorded and the parallel capacitance 𝐶𝑝 of
the crystals were converted to the dielectric constant 𝐾33 𝑇 using an equation for a
parallel plate capacitor with two different sized electrodes:
𝐾33 𝑇 =

𝐶𝑝 𝑡 (𝐴𝑖𝑛𝑛𝑒𝑟 + 𝐴𝑜𝑢𝑡𝑒𝑟 )
2𝜀0 𝐴𝑖𝑛𝑛𝑒𝑟 𝐴𝑜𝑢𝑡𝑒𝑟

(149)

where 𝐶𝑝 is the parallel capacitance, 𝜀0 is the permittivity of free space (8.85 × 10-12
F/m), 𝐴𝑖𝑛𝑛𝑒𝑟 = 𝑤𝑖𝑛𝑛𝑒𝑟 𝐿 is the inner electrode area, and 𝐴𝑜𝑢𝑡𝑒𝑟 = 𝑤𝑜𝑢𝑡𝑒𝑟 𝐿 is the outer
electrode area.
In addition, an impedance sweep was conducted on the crystal segments using
1 Vrms excitation and a 1501 data point resolution across a frequency band of 10 – 250
kHz. The magnitude and phase of the impedance sweep was collected for each crystal
segment using a Keysight E4990A Impedance Analyzer (20 Hz – 30 MHz Model).
Similar to the capacitance and loss measurement, the impedance analyzer was short and
open circuit calibrated to account for the experimental configuration. A representative
impedance analyzer comparable to that of the Keysight E4990A is shown in Figure 54
for clarification.
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Figure 54: Keysight E4990A Impedance Analyzer (20 Hz – 30 MHz Model)

The impedance magnitude and phase data collected from the impedance
analyzer was processed in MATLAB and the results are displayed in Figure 55. The
trapezoidal geometry of the crystal segment yields an unusual looking impedance sweep;
however, similar to the 𝑑33 measurements, this set of data provides a good qualitative
metric of the consistency between each specimen. The resonance frequency 𝑓𝑟 and antiresonance frequency 𝑓𝑎 of the first vibration mode can be identified from the impedance
sweep data and occur between 75.1 and 82.3 kHz, and 120.9 and 127.9 kHz, respectively.
The effective electromechanical coupling coefficient 𝑘𝑒 was determined for each
crystal segment based on the resonance 𝑓𝑟 and anti-resonance 𝑓𝑎 frequency of the first
major vibration mode.
𝑓𝑟 2
𝑘𝑒 = √1 − ( )
𝑓𝑎

(150)

The effective coupling coefficient 𝑘𝑒 is a real, positive, dimensionless measure
of transducer performance and describes its ability to convert electrical to mechanical
energy, or vice versa. Values of the effective coupling coefficient were calculated for
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the first vibration mode of each crystal specimen and served as an important metric in
determining which segments would be included in each of the individual rings.

Figure 55: Initial impedance and phase frequency sweeps from 10 – 250 kHz for the 72 single
crystal segments. The first resonance frequency appears between 75.1 and 82.3 kHz. The first
anti-resonance frequency appears between 120.9 and 127.9 kHz.

The last remaining test that was conducted for the 72 single crystal samples
consisted of a high electrical potential test or “hipot” test. In order to qualify the crystals
for inclusion in segmented rings they must pass the hipot test to ensure there is no
dielectric breakdown or high leakage current that may result in failure of the specimen
under operational conditions. The device used for this test was a QuadTech Sentry 30
Plus AC/DC/IR Hipot Tester as depicted in Figure 56.
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Figure 56: QuadTech Sentry 30 Plus AC/DC/IR Hipot Tester

The hipot test consisted of connecting the positive and negative electrodes of
each crystal segment to the terminals of the hipot tester. The test settings were
configured such that the crystal samples were exposed to their intended operational
electrical potential of 300 Vpeak with a rise time of 30 seconds, hold time of 15 seconds,
and a fall time of 15 seconds. The allowable leakage current was limited to a maximum
of 0.5 mA, however the measured leakage current for the crystal segments did not
exceed 0.002 mA under these conditions, indicating proper continuity and dielectric
characteristics. Stressing the dielectric properties of each crystal segment in this manner
gave confidence that they would perform their intended function when installed into the
segmented ring assembly.
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5.3.3

Material Analysis and Sorting

After performing an initial material evaluation for the set of single crystal
segments, a sufficient level of detail was available to designate each segment for
inclusion in their respective segmented ring. A statistical summary of the quantities
obtained for each of the crystal segments from the various material evaluation tests are
included in Table 23.
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Table 23: Statistical quantities based on physical and electrical measurements for the 72 single crystal segments
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Sample

L
(mm)

W1
(mm)

W2
(mm)

T
(mm)

Mass
(mg)

Volume
(mm3)

Density
(kg/m3)

Cp
@ 1 kHz
(pF)

K33T
@ 1 kHz

tanδ
@ 1 kHz

d33
(pC/N)

fres
(kHz)

fanti
(kHz)

keff

Min.

6.273

7.899

8.737

2.107

894.3

109.9

8122

597

2730

0.0009

754

75.1

120.9

0.76

Max.

6.273

7.899

8.737

2.116

909.9

110.4

8270

701

3208

0.0036

869

82.3

127.9

0.80

Avg.

6.273

7.899

8.737

2.110

900.7

110.1

8180

624

2859

0.0013

798

77.7

125.9

0.79

St. Dev.

0.00

0.00

0.00

0.002

2.43

0.09

21.7

18.8

86.3

0.0006

21.8

1.94

1.21

0.01

Spread
(%)

0.00

0.00

0.00

0.08

0.27

0.08

0.27

3.02

3.02

42.0

2.73

2.50

0.96

1.53

Of all the measurements performed for the crystal segments, only a select few
were used in determining the segmented ring allotments. These include, in order of
sorting priority: 1) resonance frequency 𝑓𝑟 , 2) effective electromechanical coupling
coefficient 𝑘𝑒𝑓𝑓 , 3) piezoelectric strain constant 𝑑33 , and 4) dielectric constant 𝐾33 𝑇 .
The measured values of these particular quantities for each crystal segment are depicted
in Figure 57.

Figure 57: Electrical measurements for 72 single crystal segments (32-mode 24%PIN-PMN-PT
poled [011]) obtained from CTS Corporation. Upper left are the dielectric constants 𝑲𝟑𝟑 𝑻 . Upper
right are the piezoelectric strain constants 𝒅𝟑𝟑 . Bottom left are the resonance frequencies 𝒇𝒓 . Bottom right are the effective electromechanical coupling coefficients 𝒌𝒆𝒇𝒇 .

As mentioned previously in the single crystal material specification, it was
requested that the manufacturer report the parallel capacitance 𝐶𝑝 , dielectric loss tangent
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tan 𝛿, and dimensions of the material. Based on the manufacturer’s measurements of
these quantities, they divided the single crystal segments into two different batches for
delivery. The first batch the manufacturer delivered were segments that met or exceeded
the capacitance specification (samples 1-36). The second batch delivered was accepted
although it did not meet the capacitance specification (samples 37-72). This can be
observed directly through inspection of the dielectric constant 𝐾33 𝑇 in Figure 57. Notice
that the values of dielectric constant 𝐾33 𝑇 are much higher for those received in the first
batch of crystal segments than the second batch. This observation can be extended to
the measured values for piezoelectric constant 𝑑33 , where those in the first batch
exceeded those of the second batch. The resonance frequency 𝑓𝑟 and effective
electromechanical coupling coefficient 𝑘𝑒𝑓𝑓 , however, showed more variation
throughout the two batches. In the final assembly of the transducer, it is desired to have
each segmented ring work in concert with one another. This can be achieved by
assembling segmented rings with similar resonance frequencies 𝑓𝑟 . To realize this
intended function, the variation in the rings was minimized by placing the highest
sorting priority on the resonance frequency 𝑓𝑟 and effective electromechanical coupling
coefficient 𝑘𝑒𝑓𝑓 for each crystal segment. Each crystal segment was sorted statistically
using this hierarchy of prioritization and the resultant ring allotments are listed in Table
24.

173

Table 24: Ring allotments based on a statistical analysis of single crystal segment material
characteristics

Ring
Number

Sample
Number

Ring
1

Ring
2

Ring
3

Ring
4

Ring
5

Ring
6

Ring
7

Ring
8

Ring
9

30

18

5

6

1

12

9

2

3

34

28

7

43

11

17

19

20

4

35

41

16

46

25

23

27

29

8

38

53

21

55

26

39

33

31

10

47

54

22

57

37

48

45

42

13

63

60

24

62

40

66

49

50

14

69

61

32

67

44

70

51

56

15

72

65

36

68

58

71

64

59

52

Using the 72 crystal segments and 104 alumina segments, a total of two passive
segmented rings (alumina only) and nine active-passive segmented rings were
designated for assembly. The purpose of including alumina segments for two passive
segmented rings was to mitigate risk in the various stages of the ring preparation prior
to any attempts assembling rings with the crystal segments. In addition, enough crystal
segments were procured for nine active-passive rings to ensure any variation in
performance of the rings could be mitigated through sorting. The number of rings that
were included in the final transducer configuration depended on their consistency after
the ring manufacturing process. Rings with similar characteristics qualified for
integration into the final transducer assembly.
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5.4

5.4.1

Ring Preparation

Ring Assembly

A gluing fixture assembly was designed for cementing both the single crystal
and alumina segments into a ring geometry. Figure 58 depicts the gluing fixture
assembly used to construct the segmented rings. Two segmented ring gluing fixture
assemblies were fabricated to expedite the ring assembly process. The segmented ring
gluing fixture chassis is comprised of aluminum 6061 material and coated with Teflon
to prevent accidental adhesion of the segments to the fixture surfaces. The fixture design
includes a central interior space where each of the segments is staged for construction
into rings. Dowel pins are then put in contact with the outer area of each segment and
compressed towards the center of the fixture to form a ring. The opposite end of the
dowel pins is notched so that a fiber under tension can apply compression and move it
towards the center of the fixture. The fiber is run through each dowel pin and fed through
a hole in the center of two screws located on the exterior of the fixture chassis. The fiber
is then clamped down by tightening the upper hex nut on the exterior screws. Rotating
the exterior screws allows for control of the tension in the fiber and consequently the
displacement of each dowel pin towards the center of the fixture. This allows each dowel
pin to encounter and displace the segments so they are compressed to form a ring. After
each of the segments are in contact with one another, the ring can be secured in place
by tightening the lower hex nut on the exterior screws to the floor of the fixture chassis.
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The final step involves screwing on the top cap with a flathead screwdriver to align each
segment in the vertical direction so the proper ring height is achieved.

Figure 58: Segmented ring gluing fixture assembly

Prior to the ring assembly process, each of the segments were cleaned in an
ultrasonic bath with isopropanol alcohol and dried in an oven overnight at 30 °C. After
the segments were properly cleaned and dried, a 3:1 mixture ratio by weight of
Armstrong A-2 epoxy resin adhesive with activator W was prepared for cementing the
segments together. The contact area between each of the segments would be wiped with
acetone and dipped into the adhesive mixture before being individually placed into their
respective staging area in the gluing fixture. As a precautionary measure, Teflon tape
was applied to the surfaces touching the top and bottom of the segmented ring to ease
the removal process. Tab cutouts were included in the Teflon tape applied to the bottom
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surface of the fixture to aid in manually loosening the ring upon removal. Once the
fixture was fully populated with segments, a high breaking strength fiber (braided
fishing line) was fed through the notched dowel pins and tightened so each of the
segments were compressed into the desired ring shape. The gluing fixture with the
segmented ring installed would then be secured and placed in an oven overnight to cure
at 30 °C. The last remaining step of the segmented ring assembly process involved
removing the ring from the gluing fixture using tweezers and trimming excess glue at
the joints between segments with a razor blade. Figure 59 shows an example of a single
crystal and alumina segmented ring after completion of the assembly process.

Figure 59: Single crystal and alumina segmented ring assembly
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5.4.2

Ring Electroding

Once the rings were assembled, it was then necessary to electrically connect the
positive and negative electrodes of the crystal segments. Unlike polycrystalline
ceramics, single crystal is a rather temperature sensitive material and does not allow one
the convenience of soldering directly to the electrodes. In general, single crystals have
a lower Curie temperature 𝑇𝐶 than polycrystalline ceramics (see APPENDIX A),
meaning that they can lose their polarization if subjected to high temperatures from a
soldering iron. Therefore, an alternative method was adopted to cold solder conductive
silver epoxy to bond the electrical connections to the electrodes on the crystal segments.
The electrical connections between each segment were made using thin strips of 0.015inch (0.381 mm) thick brass shim stock. The thin strips of brass were cut to be longer
than the inner and outer ring circumference in length and shorter than the ring height in
width. Conductive silver epoxy was then applied to each of the electrodes on the crystal
segments before compressing the joints with small clamps. Each electrical connection
was made independently until the brass strip was completely worked around the ring.
In addition, Teflon tape was applied to the contact surfaces of the clamps to prevent
accidental adhesion to the crystal segments. The clamps were then left to compress the
conductive epoxy joints while the ring cured in an oven overnight at 30 °C. Figure 60
shows the cold soldering method applied to a fully clamped segmented ring assembly.
Figure 61 displays the segmented ring assembly after curing of the conductive silver
epoxy and removal of the clamps.
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Figure 60: Cold soldering of a single crystal and alumina segmented ring assembly

Figure 61: Fully electroded single crystal and alumina segmented ring assembly
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During the ring electroding process, rings 1 and 3 broke due to physical
mishandling. A portion of the crystal segments in each of these rings were damaged and
no longer usable. However, a sufficient number of crystal segments in both of the rings
survived and were in good enough condition to enable the creation of a new ring. To
recover and repurpose the segments, Dynaloy® Dynasolve 185 solvent mixture was
used to remove the leftover adhesive in the rings. Afterwards, an abbreviated material
preparation process took place for the crystal segments that survived to ensure there
were no defective physical or electrical characteristics. Then by using the previously
mentioned material analysis criteria, crystal segments from rings 1 and 3 were
designated and merged into a new ring assembly denoted as ring 1a.

5.4.3

Electrode Sectioning and Reinforcement

To properly achieve the intended multimode functionality of the segmented
rings, it is required that each positive electrode on the inner circumference of the rings
be isolated to control the excitation over the individual crystal segments. To realize this
feature, the brass strip adhered to the inner circumference of the segmented rings was
partitioned between each crystal segment. This required compressing each silver epoxy
joint on the crystal segments with small clamps and cutting the brass strip over the inner
width of the alumina segments. Figure 62 shows an example of a segmented ring
assembly after sectioning the electrodes.
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Figure 62: Single crystal and alumina segmented ring assembly with sectioned electrodes

The silver epoxy joints that bond the brass strips to the crystal electrodes are
quite fragile and can be accidently removed if handled improperly. A precautionary
measure was taken to reinforce the silver epoxy joints on the electroded crystal segments
of each ring. This was accomplished by brushing the joint with a 100:47 mixture ratio
(parts A and B) by weight of Stycast 1264 epoxy. The joint was then left to cure for 48
hours in an oven at 30 °C. After curing, the epoxy formed a laminate that reinforced the
electrodes to the crystal segments. This process was repeated for each ring assembly
with sectioned electrodes to assure proper reinforcement of the electrodes.

5.4.4

Fiber Wrapping

Once the segmented rings had their electrodes sectioned and reinforced, each
ring was circumferentially prestressed through a process called fiber wrapping. Fiber
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wrapping operations are conducted to apply a compressive prestress by means of
circumferentially winding fibers under tension around cylindrically shaped transducers.
The desired compressive prestress achieved by fiber wrapping usually accounts for both
intrinsic and extrinsic stress factors to prevent the transducer from entering into an
undesired stress state. Intrinsic stress factors typically considered for transducers are the
material stress limits and dynamic stresses from operational voltage limits. Extrinsic
stress factors typically considered are environmental loads from hydrostatic pressure
and potential shock events. Knowledge of the intrinsic and extrinsic stress levels allows
one to determine the desired compressive prestress for a cylinder transducer. For the
purpose of this research project, 10 MPa (1.45 kpsi) of compressive prestress was
chosen as the desired stress state for the single crystal and alumina segmented ring
transducers. This conservative stress level was chosen to prevent the ring transducers
from entering into a tensile stress state when excited by an electric field during
experimentation. All previously mentioned intrinsic and extrinsic stress factors typically
considered in a desired compressive prestress calculation were omitted in this research.
The transducer under demonstration would not be subjected to significant levels of
intrinsic or extrinsic stress factors, and therefore was negligible in the determination of
the desired compressive prestress. The following paragraphs give a brief theoretical
background on fiber wrapping and the methodology used to implement the desired
compressive prestress for a batch of segmented ring transducers.
To begin the theoretical analysis of fiber wrapping cylinder transducers, it is first
assumed that each fiber wrap is of rectangular cross section, under equal tension 𝑇, and
there are no spaces between wraps. The thickness of the wrapped layer 𝑡 is small

182

compared to the outer radius 𝑟𝑜 of the underlying cylinder. The hoop stress in the wraps
𝜎𝑡ℎ𝑖𝑛 is the total force divided by the wrap cross-sectional area:
𝜎𝑡ℎ𝑖𝑛 =

𝑁𝑇
𝐿𝑡

(151)

where 𝐿 is the total length of the wrap layer and 𝑁 is the number of wraps per unit length.
Since the wrap layer is considered its own thin wall cylinder having uniform stress, the
equation for hoop stress of a thin wall cylinder is:
𝜎𝑡ℎ𝑖𝑛 =

𝑃𝑟𝑜
𝑡

(152)

where 𝑃 is the equivalent pressure (Sadd, 2014). Setting the equations for hoop stress
in the wraps equal to the hoop stress of a thin wall cylinder and solving for the pressure
yields:
𝑃=

𝑁𝑇
𝐿𝑟𝑜

(153)

The pressure on the cylinder under the wraps is the same as the pressure of the wraps
on the cylinder. Therefore, assuming that the pressure acts uniformly over the surface
of the cylinder, the equation for hoop stress of a thick wall cylinder 𝜎𝑡ℎ𝑖𝑐𝑘 due to
external pressure can be used to relate the pressure induced from the fiber wrap layer:
𝜎𝑡ℎ𝑖𝑐𝑘

𝑟𝑜 2
= 2𝑃 2
𝑟𝑜 − 𝑟𝑖 2

(154)

The equation above calculates the hoop stress at the inner radius of the thick wall
cylinder, which is typically the location of maximum stress (Sadd, 2014). Substituting
in the value of the equivalent pressure and rearranging the equation yields the number
of wraps required to achieve a given stress at the inner radius of the thick wall cylinder.
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𝜎𝑡ℎ𝑖𝑐𝑘 𝑟𝑜 2 − 𝑟𝑖 2
𝑁=
(
)
2𝑇
𝑟𝑜

(155)

In addition, one can also calculate the maximum number of wraps per layer 𝑁𝑤𝑝𝑙 given
the diameter of the fiber 𝑑𝑓 and desired length of the wrap layer 𝐿𝑤 .
𝑁𝑤𝑝𝑙 =

𝐿𝑤
𝑑𝑓

(156)

Knowledge of the maximum number of wraps per layer 𝑁𝑤𝑝𝑙 and the number of wraps
𝑁 required to achieve a given stress at the inner radius of the thick wall cylinder allows
one to calculate the number of fiber wrapped layers 𝑁𝑙𝑎𝑦𝑒𝑟𝑠 :
𝑁𝑙𝑎𝑦𝑒𝑟𝑠 =

𝑁
𝑁𝑤𝑝𝑙

(157)

The theory presented above was implemented to calculate the number of fiber wraps
and layers required to achieve the desired compressive prestress for the ring transducer
assemblies. The following paragraphs detail the physical system used to implement the
fiber wrapping process.
To realize the desired compressive prestress, a physical system was developed
for fiber wrapping ring transducers. The fiber wrapping system consisted of three main
subsystems: 1) a pulley system to apply tension, 2) a ring transducer wrapping assembly,
and 3) a coil-winding machine. The fiber wrapping system used a series of pulleys and
a free hanging weight to induce tension into the fiber. Figure 63 depicts the pulley
system used to produce the tension in the fiber wrapping system.
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Figure 63: Fiber winding pulley system consisting of 1) pulleys fixed to the ceiling, 2) a weight
hanging from a pulley, and 3) the ring transducer wrapping assembly coupled to the coil-winding
machine.

Using the system described in Figure 63, tension was induced into the fiber by
hanging a weight from a pulley. The amount of weight that hangs from the pulley
determined how much tension was in the fiber. The tension that the system in Figure 63
produced was equal to half of the weight hanging from the pulley. The pulley system
was fixed to the ceiling of the building and to the rotating axis of the ring transducer
wrapping assembly. The fiber under tension was fed onto the ring transducer from a
fixed point on the rotating axis of the coil-winding machine. Figure 64 depicts the ring
transducer wrapping assembly mounted between endcaps.
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Figure 64: Ring transducer wrapping assembly comprised of 1) a rotating screw coupled to the
coil-winding machine, 2) 3-D printed gear-shaped end caps, 3) steel washers, 4) the ring transducer, 5) Teflon sheet washers, 6) corprene washers, and 7) hex nuts on both sides of the end caps
for securing the tension in the fiber.

The ring transducer rotated on the axis of a screw coupled to the coil-winding
machine and was clamped on both ends using 3-D printed gear-shaped caps, steel
washers, corprene washers, and Teflon washers tightened down by hex nuts. The 3-D
printed gear-shaped caps allowed the fiber to feed onto the ring transducer from a fixed
point on the screw. The steel washer ensured a flat surface for the ring to rest between,
while the corprene washer acted as a compliant layer for compressing the ring
transducer. The Teflon washers provided a non-stick hydrophobic surface to prevent
accidental adhesion of the ring transducer while curing the epoxy that impregnated the
fiber wrapping. Additional hex nuts were positioned on the outside of the hex nuts that
secured the end caps in order to clamp the fiber and retain the tension after wrapping.
The threads of the screws were fed into the drill chuck of the coil-winding machine as
shown below in Figure 65.

186

Figure 65: Coil-winding machine containing a 1) ring transducer wrapping assembly, 2) a drill
chuck, 3) a revolution counter, 4) a low rpm motor, and 5) an electronics box with dials to control
direction and speed of rotation.

The coil-winding machine allowed for the number of wraps to be monitored
using a revolution counter. The rotation of the coil-winder was powered by a low
revolution per minute (rpm) motor. The user interface of the electronics box contained
dials that allowed both control of the direction (forward or reverse) and speed of rotation.
The three aforementioned subsystems comprised the fiber wrapping system used to
apply the desired compressive prestress to the ring transducers. The following
paragraphs detail the process used to fiber wrap the ring transducers.
Prior to each fiber wrapping evolution, a ring transducer wrapping assembly was
prepared and inserted into the drill chuck of the coil-winder. The fiber used to wrap the
ring transducers was a monofilament fluorocarbon fishing line with 15 lb. (6.8 kg)
breaking strength. The fiber was clamped between two hex nuts on the ring transducer
wrapping assembly toward the head of the screw. Fiber was then fed through each of
the fixed pulleys and a 3 lb. (1.4 kg) weight was hung from a free hanging pulley to
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induce tension into the fishing line. A 100:47 mixture ratio (parts A and B) by weight
of Stycast 1264 epoxy was prepared and brushed on the surface of the ring transducer
before wrapping. A forward rotation direction was used to feed the fiber onto the ring
and when the fiber made contact with the ring the revolution counter was reset to
monitor the number of wraps. A flat head screw driver was used to guide the fiber to
ensure there were no spaces between wraps. One layer of 14 wraps was theoretically
determined to yield 10 MPa of compressive prestress when hanging a 3 lb. weight in
the pulley system. Once 14 wraps were attained, the fiber was offloaded from the ring
transducer and secured between hex nuts on the screw rotating in the drill chuck. The
remaining fiber in the pulley system was cut once the tension was secured on the ring
transducer wrapping assembly. An additional layer of the Stycast 1264 epoxy mixture
was then painted onto the wrapped layer to impregnate the fibers and retain the desired
compressive prestress. The ring transducer wrapping assembly would then be left to
rotisserie for 24 hours to cure the epoxy halfway before removing from the coil-winding
machine. If the ring transducer wrapping assembly were removed without leaving to
rotisserie for 24 hours, the epoxy would drip due to its low viscosity and form a nonuniform epoxy layer. After one day of curing on the coil-winding machine, the ring
transducer wrapping assembly was moved to an oven for an additional 24 hours of
stationary curing at 30 °C. This fiber winding process was repeated for each ring
transducer assembly. Figure 66 shows an example of a cured ring transducer after the
fiber winding process.
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Figure 66: Ring transducer after fiber winding and curing

Observation of the segmented ring transducers after fiber winding and curing
revealed small air bubbles in the epoxy layer. Air bubbles are an undesirable feature on
the face of any transducer and are known to cause a number of deleterious effects, such
as loss of acoustic power in absorption, deterioration in the beam pattern, and a
reduction in the acoustic impedance into which the transducer must operate (Urick,
1975). Future workarounds to reduce the manifestation of bubbles in the epoxy layer
could involve using a braided fishing line as opposed to a monofilament fiber. The
braided fishing line would offer better fiber absorption characteristics if the epoxy was
brushed on during wrapping. This would reduce the need to paint excess amounts of
epoxy on the face of the transducer, thus decreasing the chances of bubbles forming in
the fiber wrapped layer. Although small air bubbles appeared in the epoxy layer of the
fiber wrapped ring transducers, it was deemed an insignificant risk to the performance
of the transducer under the intended test conditions. The completion of fiber wrapping
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the segmented ring transducers concluded the efforts taken to prepare the ring
transducers.

5.4.5

Ring Evaluation

After completion of the ring preparation stages, a series of tests were performed
to ensure each ring was properly constructed. The tests were conducted in the following
order: 1) capacitance and loss, 2) impedance frequency sweep, 3) hipot test, and 4)
impedance frequency sweep. The first test was performed using a GenRad 1689M RLC
Digibridge™ (as depicted in Figure 67) to obtain the parallel capacitance 𝐶𝑝 and
dielectric loss tangent tan 𝛿 under 1 Vrms at 1 kHz excitation.

Figure 67: GenRad 1689M RLC Digibridge™

The second test was conducted using an Agilent 4294A Precision Impedance
Analyzer (40 Hz – 110 MHz Model) to collect the magnitude and phase of the
impedance frequency sweeps for each ring. Impedance sweeps were conducted using
0.5 Vrms excitation and a 401 data point resolution across a frequency band of 40 Hz –
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100 kHz. Figure 68 shows the impedance analyzer used to collect frequency sweep data
for each ring.

Figure 68: Agilent 4294A Precision Impedance Analyzer (40 Hz – 110 MHz Model)

The third test was performed for each ring with the QuadTech Sentry 30 Plus
AC/DC/IR Hipot Tester under the same test conditions used in the material evaluation
of the crystal segments. The fourth test involved using the same impedance analyzer
and test settings of the second ring evaluation test for collection of impedance
magnitude and phase data as a function of frequency. The goal of the fourth test was to
provide evidence of potential alternations in ring performance that may occur after
conducting the hipot test.
A problem arises when attempting to perform the ring evaluation after the
electrode sectioning and reinforcement stage. In the fully electroded ring configuration,
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the two brass strips on the inner and outer circumference of the ring allowed for a simple
two-lead electrical connection to the test equipment. With each electrode sectioned, an
individual electrical connection is required for the eight inner positive electrodes. To
solve this problem, a custom electrical connection was fashioned to link the sectioned
electrodes to the test equipment, and is depicted below in Figure 69. The custom
electrical connection consisted of eight toothless alligator clips soldered to compliant
flexible wire united to a common lead. Using this custom electrical connection scheme,
the ring evaluation sequence could be performed after the sectioning and reinforcement,
and fiber wrapping stages.

Figure 69: Custom electrical connection for the sectioned and reinforced segmented ring assembly

Figure 70 depicts the post-hipot test impedance magnitude data measured after
each ring preparation stage. Figure 70 shows that the location of the resonance and antiresonance frequencies and the levels of impedance magnitude and phase for the first
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vibration mode do not significantly change at each iteration of ring preparation. In
addition, the noticeable shift in the second vibration mode that occurred after fiber
wrapping seemed to be consistent throughout the batch of rings, indicating that they
were wrapped in a fairly consistent manner. This gave confidence that the ring
transducers were prepared well, able to handle intended operational voltage levels, and
ready for inclusion into a stack configuration. It should also be noted that during the
sectioning and reinforcement stage, ring 8 broke due to improper handling and was
disqualified from the remaining tests and preparation stages. Table 25 summarizes the
results from the ring evaluation after each stage of ring preparation.
The impedance sweeps and evaluation measurements for the seven segmented
rings were analyzed to identify six rings with similar properties for inclusion in the stack
construction of the transducer. Rings with similar frequency responses were desired to
work in concert to ensure the transducer performed to its full potential. Observation of
the impedance sweeps and evaluation measurements revealed a high level of
consistency after the ring preparation stages. However, closer inspection of the
impedance sweep of ring 1a showed a spurious vibration mode after the first antiresonance frequency. Therefore, ring 1a was down-selected from the batch of rings and
was set aside to serve as a spare. The remaining rings were processed into the next
preparation stage of transducer construction, which involved fabricating a stack of rings.
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Table 25: Ring evaluation measurements after each ring preparation stage (stg.), where stage 1 is after ring assembly and electroding, stage 2 is after
ring sectioning and reinforcement, and stage 3 is after fiber wrapping.

tanδ @ 1 kHz

Cp @ 1 kHz (nF)

fres (kHz)

fanti (kHz)

keff

194

Stg. 1

Stg. 2

Stg. 3

Stg. 1

Stg. 2

Stg. 3

Stg. 1

Stg. 2

Stg. 3

Stg. 1

Stg. 2

Stg. 3

Stg. 1

Stg. 2

Stg. 3

Ring 1a

4.4

4.3

4.2

0.0023

0.0023

0.0038

18.0

18.3

17.9

30.5

30.3

30.0

0.81

0.80

0.80

Ring 2

4.5

4.3

4.1

0.0035

0.0030

0.0046

18.0

18.0

17.9

30.3

30.3

29.9

0.80

0.80

0.80

Ring 4

4.5

4.4

4.1

0.0033

0.0033

0.0040

18.0

18.0

17.9

30.3

30.3

29.5

0.80

0.80

0.80

Ring 5

4.5

4.4

4.2

0.0054

0.0020

0.0036

18.0

18.0

17.9

30.3

30.0

29.9

0.80

0.80

0.80

Ring 6

4.6

4.5

4.3

0.0058

0.0019

0.0034

17.8

18.0

17.8

30.3

30.3

29.9

0.81

0.80

0.80

Ring 7

4.6

4.5

4.2

0.0022

0.0027

0.0037

17.8

18.0

17.8

30.3

30.3

29.9

0.81

0.80

0.80

Ring 8

4.5

n/a

n/a

0.0023

n/a

n/a

17.8

n/a

n/a

30.0

n/a

n/a

0.81

n/a

n/a

Ring 9

4.6

4.6

4.2

0.0024

0.0029

0.0036

17.5

17.8

17.8

30.0

30.0

29.8

0.81

0.81

0.80

Figure 70: Impedance frequency sweeps from 40 Hz – 100 kHz for the seven single crystal and
alumina segmented ring transducers throughout the preparation stages. The ring preparation
stages include electroding (green), sectioning and reinforcement (red), and fiber wrapping (blue).
Measured results are compared to equivalent circuit (red dot) and finite element (green dash)
models.

195

5.5

5.5.1

Stack Preparation

Stack Assembly and Wiring

Multiple ring transducers acoustically isolated from each other may be stacked
to form a cylinder in order to achieve greater power output (Butler and Sherman, 2016).
This stack construction approach was taken for the fiber wrapped segmented ring
transducers with sectioned electrodes. The original transducer design intended for eight
single crystal and alumina segmented rings stacked on top of one another. However,
only seven ring transducers passed through the preparation stages leading up to the stack
construction phase. Therefore, an alternative approach was taken to use two alumina
segmented rings and six single crystal and alumina ring transducers in the stack
construction. Figure 71 depicts an example of a ring assembled from 16 individual
alumina segments.

Figure 71: Alumina segmented ring assembly
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Including the alumina segmented rings in the stack configuration served to
achieve the originally designed transducer height, while also adding electrical insulation
from the stainless-steel end caps. To ensure each ring vibrated independently, rubber
impregnated cork (or corprene) was used as a soft acoustic isolation material between
rings in the stack. Separating each ring with corprene also prevented undesirable length
extensional and bending modes of vibration. 3M neoprene high performance rubber and
gasket adhesive type 1300L (or rubber cement) was used to axially bond the rings
transducers and corprene rings to form a stack. This type of rubber cement had a high
immediate strength, which allowed for ease of positioning and alignment by hand. In
addition, the fast-drying characteristic of the rubber cement allowed for quick handling
of the stack after setting the rings in place. The formation of the stack was completed
by adhering, aligning, curing, and wiring each ring transducer individually. The alumina
rings were placed on both ends of the stack after finishing the central stack of ring
transducers. Figure 72 depicts the completed ring transducer stack.
When forming the stack, the active segments were independently wired such
that each ring was electrically connected in parallel. The brass strip wrapped around the
outside circumference of each ring was fed into its interior section to allow all wiring to
be completed inside the cylinder. Stranded 26 AWG wire was used to connect each of
the rings together. The jacket of the wire was stripped prior to stacking the rings. The
length of the stripped wire was initially cut based on an estimation of the final stack
height. The jacket on the wire was left on the portion of the wire protruding from the
stack to prevent short-circuiting of the active segments. The electrodes on the inner
circumference of each ring were tinned prior to soldering on the wires. Soldering
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operations were performed for each electrode with the soldering iron tip heated to
300 °C. Tinning the wire and the brass electrodes before soldering allowed for rapid
heat transfer and dissipation, as well as quick electrical connections. Figure 73 shows
the internal wiring within the stack. The following subsection details the measurements
performed as the stack was constructed.

Figure 72: Concentrically stacked single crystal and alumina segmented ring assemblies wired in
parallel.
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Figure 73: Internal parallel wiring of the ring transducer stack.

5.5.2

Stack Evaluation

Similar to the individual crystal segments and ring transducers, a series of tests
were performed at each step in the preparation of the stack. The tests were conducted
using the same equipment for the ring transducers, and were performed in the following
order: 1) capacitance and loss, 2) impedance frequency sweep, 3) hipot test, and 4)
impedance frequency sweep. The test settings used for configuring the measurement
equipment were the same as those used in the ring evaluation. Each time a new ring
transducer or alumina ring was added to the stack, this sequence of tests was performed.
The stack was formed by starting with ring 2 at the bottom and working up to ring 4 at
the top. After the ring transducers were stacked, the alumina rings were individually
added to both ends. Figure 74 clarifies the configuration of the stack.
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Figure 74: Configuration of ring transducer stack. White sections of the transducer stack are alumina segmented ring assemblies. Yellow sections of the transducer stack are single crystal and
alumina segmented ring assemblies. Brown sections of the transducer stack are corprene rings for
vibration isolation between each active and passive ring.

The individual ring transducers showed consistent frequency responses, parallel
capacitance, and dielectric loss tangents (per Table 25). Therefore, the individual ring
transducers did not require statistical sorting prior to their inclusion in the stack. Table
26 details the measurements acquired from the test sequence at each iteration of stack
preparation.
It should be noted that the stack passed the hipot test at each iteration of its
construction. Notice from Table 26 that the effective coupling coefficient and dielectric
loss tangent are fairly constant as the stack was built, but the capacitance added linearly
with each individual ring transducer. Figure 75 illustrates this characteristic further by
showing the impedance magnitude and phase of ring transducers as they were added to
the stack.
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Table 26: Stack evaluation measurements performed at each stack preparation step.

Stack Preparation Step

Cp
@ 1 kHz (nF)

tanδ
@ 1 kHz

fres
(kHz)

fanti
(kHz)

keff

Ring 2

4.1

0.0046

17.9

29.9

0.80

Rings 2 and 6

8.2

0.0034

17.8

29.5

0.80

Rings 2, 6, and 5

12.4

0.0031

17.5

29.5

0.81

Rings 2, 6, 5, and 9

16.5

0.0032

17.5

29.3

0.80

Rings 2, 6, 5, 9, and 7

20.6

0.0032

17.8

29.5

0.80

Rings 2, 6, 5, 9, 7, and 4

24.8

0.0034

17.5

29.3

0.80

Rings 2, 6, 5, 9, 7, 4, and Al2O3

24.7

0.0036

17.5

29.3

0.80

Figure 75: Progression of the impedance and phase frequency responses from 40 Hz – 100 kHz
throughout the preparation of the ring transducer stack. The addition of ring transducers in the
stack configuration lowers the overall impedance magnitude while maintaining relatively constant phase over the first vibration mode.
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Figure 75 shows that when multiple ring transducers are wired in parallel their
impedance magnitude diminishes and their phase stays relative constant. It should also
be noted that the alumina rings added to the ends of the ring transducer stack did not
cause any significant changes in the frequency response. The completion of the ring
transducer stack was the final preparation stage before transducer assembly. The
following section details the steps taken to prepare the ring transducer stack and
assemble components for underwater acoustic testing.

5.6

5.6.1

Transducer Preparation

Transducer Assembly

With all the components of the transducer readily available and prepared,
assembly of the device can begin. The assembly process started by wiring the transducer
from the stack to the connector mounted in the top end cap. First, an O-ring was fed
over the threads of the connector as depicted Figure 76.
The threads of the connector were then mounted to the bulkhead on the outside
of the top end cap using a through hole. A hex nut was then screwed over the threads to
secure the connector on the inside of the top cap. The connector was tightened so that
the contacts were oriented in a direction over one of the bolt mount holes of the end
caps. Once the connector was secured to the end caps, the ring transducer stack was
rotated such that its ground electrode was opposite to the forward-facing direction of
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the connector contacts. The pinout of the 9-contact connector face was observed to
identify the numbering pattern, as depicted in Figure 77.

Figure 76: SubConn-MacArtney 9-contact connector (P/N: LPBH9M) with stainless steel threads,
16 AWG inline color-coded wires, and an O-ring seal. Dimensions are identified in the figure in
units of millimeters (SubConn, 2018).

Figure 77: SubConn-MacArtney low profile 9-contact connector pinout (SubConn, 2018)

Pin number 1 of the connector was chosen as the contact for the ground electrode.
The remaining pins were designated to the positive electrodes on the active segments.
The inline color code of the 50 ft. (15.2 m) test cable was then associated with the
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numbering pattern to identify the location of the active segments with respect to the
connector. Figure 78 and Figure 79 show the ring transducer wiring diagram and the 9contact inline color code.

Figure 78: Ring transducer stack wiring diagram. White sections represent active crystal segments. Black sections represent passive alumina segments.

Figure 79: SubConn-MacArtney 9-contact inline cable color code (SubConn, 2018)

204

The wires protruding from the ring transducer stack were then cut and soldered
to the 16 AWG wires coming from the connector. Shrink tubing was used at the location
of the solder joint between wires to prevent accidental short-circuiting of the active
segments. The wires were then fed into the interior of the cylinder to leave space for the
bottom end cap to be mounted to the top of the ring transducer stack, as depicted below
in Figure 80.

Figure 80: Ring transducer stack wired to the 9-contact connector through the top end cap

Mounting the bottom end cap required compressing the ring transducer stack
around the cylinder axis using four equally spaced bolts. The compression of the ring
transducer stack was controlled by feeding the four bolts through stainless steel tubes.
The tubes were cut to a specific length that maintained the end caps at a small distance
from the ends of the ring transducer stack to prevent clamping of the ring radial motion.
205

Figure 81 depicts the ring transducer stack compressed axially between the top and
bottom end caps using four bolts. The following subsection details the steps taken to
waterproof the transducer for submergence.

Figure 81: Ring transducer stack compressed axially between the top and bottom end caps using
four bolts

5.6.2

Potting and Dielectric Insulation

Transducers are typically prepared for operation in an underwater environment
by encapsulating the electrical components in polyurethane, a process that is commonly
referred to as potting. For this project, the ring transducer stack comprised the electrical
components that required potting. To enable potting, two injection ports were included
in the bottom end cap for inserting polyurethane into a layer surrounding the ring
transducer stack. The lower injection port was used for inserting a mixture of
polyurethane, while the upper injection port was used to purge excess air while
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polyurethane filled the potting layer. The thickness of the polyurethane layer from the
face of the ring transducer stack was specified to be one-quarter of an acoustic
wavelength 𝜆⁄4 at the highest operating frequency in water. Specifying the dimensions
in this manner allowed the polyurethane layer to be acoustically transparent during inwater operation of the transducer within the intended frequency range.
To prepare the transducer for encapsulation with polyurethane, a number of
steps were taken. The first step involved covering all surfaces of the transducer outside
the potting layer with masking tape to avoid the polyurethane from leaking into or onto
undesired areas. The second step required cleaning the surfaces inside the potting layer
with isopropanol alcohol and then brushing on PR-420 primer to enhance the coupling
characteristics to the polyurethane. Parts A and B of the PR-420 primer were combined
in a cup using a 13.7:100 mixing ratio by weight, applied to the potting surfaces with a
paintbrush, and left to cure for two hours at room temperature. Once the primer was
fully cured, a sufficient volume of CPD 9130 polyurethane, parts A and B, were
combined in a separate cup using a 100:30 mixing ratio by weight. The cup of
polyurethane was then degassed in a vacuum chamber to evacuate air bubbles from the
mixture. In parallel, a Teflon sheet with one side coated in adhesive was applied to the
area surrounding the potting layer to contain the volume of polyurethane during
injection. With the potting layer adequately bounded and primed, the polyurethane
mixture was then transferred into a 60 mL syringe and inserted into the lower injection
port. Simultaneously during injection, the transducer was tilted at a 45° angle to ensure
air could escape from the upper injection port so bubbles did not form within the potting
layer. The polyurethane mixture was then filled into the bounded potting layer until it
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overflowed from the upper injection port. The transducer was then tilted again so that
the injection ports were facing upward and a reservoir of polyurethane was contained
above the bottom end cap. The transducer was left in this position to allow any remnant
air bubbles in the potting layer to rise into the reservoir while the polyurethane cured
for 24 hours at room temperature. Once the polyurethane was properly cured, the Teflon
sheet and masking tape were removed from the surfaces to reveal the potting layer
surrounding the ring transducer stack. Figure 82 shows an image of the transducer after
potting.

Figure 82: Ring transducer stack after potting

Observation of the transducer after potting revealed a tacky layer of adhesive on
the outside surface of the polyurethane. This tacky layer was left over after removing
the bounded Teflon sheet from its adhesive layer on the outside potting surface.
Additional effort was taken to clean the exterior surface of the potting layer with an
abrasive polishing film and isopropanol alcohol until the adhesive layer was removed.
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It is important for the outer surfaces of the potting layer covering the ring transducer
stack to be free of debris before underwater testing. Contamination has the potential to
cause undesirable underwater acoustic effects during testing and can be avoided by
properly cleaning the outer surfaces of the transducer.
The last remaining step to prepare the transducer for operation in-water required
dielectrically insulating the electrical components on the interior of the ring transducer
stack. This was accomplished by pouring sulfur hexafluoride gas (SF6) through injection
ports positioned over the interior of the ring transducer stack. SF6 is widely used in its
gaseous state for electrical insulation and arc suppression by means of its high dielectric
strength. In addition, the weight of SF6 gas is heavier than air, which allows one the
convenience of pouring the gas rather than pressurized injection. Once the inner volume
of the ring transducer stack was sufficiently filled with SF6, the two injection ports were
properly sealed using screws with lubricated O-rings. Completion of the dielectric
insulation was the final step in the assembly of the transducer. The following subsection
details the tests performed throughout the transducer assembly to ensure proper
functionality of the device.

5.6.3

Transducer Evaluation

A series of tests were performed at each step in the preparation of the transducer
assembly. The tests were conducted using the same equipment for the segmented rings
and ring transducer stack, and were performed in the following order: 1) capacitance
and loss, 2) impedance frequency sweep, 3) hipot test, and 4) impedance frequency
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sweep. The test settings used for configuring the measurement equipment were the same
as those used in the ring and stack evaluation. The first step in the transducer assembly
involved wiring the ring transducer stack to the connector after mounting it on the top
end cap. In the second transducer assembly step, the bottom and top end caps were
bolted together with four equally spaced rods, which slightly compressed the ring stack.
The third step in the preparation of the transducer required potting the ring transducer
stack with polyurethane to waterproof the device. In the final transducer assembly step,
the interior of the ring transducer stack was insulated with SF6, a high dielectric gas that
was poured through injection ports on the bottom end cap. The measurements acquired
after each of these preparation steps are presented in Table 27 and Figure 83.

Table 27: Transducer evaluation measurements performed at each assembly preparation step

Transducer
Preparation Step

Cp @ 1 kHz (nF)

tanδ @ 1 kHz

fres
(kHz)

fanti
(kHz)

keff

Connector Wired

24.3

0.005

17.5

29.5

0.81

End Caps Bolted

24.2

0.005

17.5

29.5

0.81

Potted

24.5

0.007

14.5

23.8

0.79

Insulated

23.9

0.007

14.5

24.0

0.80

As shown in Table 27, the capacitance of the transducer stays relatively constant
throughout each of the preparation steps, however, the dielectric loss tangent increases
after potting. The change in the electrical characteristics of the transducer is evident by
observing the shift in resonance and anti-resonance frequencies in the impedance sweep,
as depicted in Figure 83. This shift is primarily due to the mass loading of the ring
transducer stack after potting, which acts to lower the resonance and anti-resonance
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frequency of the first vibration mode. Fortunately, the effective electromechanical
coupling coefficient is maintained despite the shift in the first vibration mode to a lower
frequency region. It should also be noted that there were no significant changes in the
response of the transducer after bolting on the end caps, indicating that the compressive
force applied in the axial direction did not clamp the radial motion of the rings. The
addition of SF6 gas used to dielectrically insulate the electrical components within the
interior of the ring transducer stack also did not modify the frequency response of the
transducer, but instead lowered the capacitance slightly. Overall, the electrical
measurements collected and steps taken to assemble the transducer throughout the entire
construction stage gave confidence that the device would perform its intended function
when tested in-water.
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Figure 83: Impedance frequency sweeps measured from 40 Hz – 100 kHz throughout the transducer assembly preparation stages. The resonance frequency shifts from 17.5 to 14.5 kHz and the
anti-resonance frequency shifts from 29.5 to 23.8 kHz after potting the transducer assembly. Bolting on the end caps and insulating with SF6 gas do not shift the resonance frequency of the transducer.
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CHAPTER 6

TRANSDUCER TESTING

6.1

6.1.1

In-Water Acoustic Testing

Acoustic Test Facility

Testing of the single crystal multimode transducer took place at the Naval
Undersea Warfare Center (NUWC) Division Newport – Dodge Pond Acoustic
Measurement Facility. Dodge Pond is located in Niantic, CT and consists of a 133.5
km2 (33-acre) pond, a 4 km2 (1-acre) shore site, and a fully instrumented,
environmentally controlled test platform (or barge) (NAVSEA, 2021). Figure 84 depicts
the barge where the single crystal multimode transducer was subjected to underwater
acoustic testing.
From an environmental standpoint, Dodge Pond generally has quiet ambient
conditions similar to sea state zero acoustic noise levels, making it an ideal location for
characterizing the performance of an underwater acoustic transducer. The barge itself is
positioned over the deepest part of the pond, which is approximately 16 m (52.5 ft.)
below the surface of the water. Figure 85 depicts the water depth charted over the entire
area of Dodge Pond.
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Figure 84: Dodge Pond Acoustic Measurement Facility (NAVSEA, 2021)

Figure 85: Dodge Pond water depth chart (NAVSEA, 2021)
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6.1.2

Transducer Mounting

Underwater acoustic testing at Dodge Pond took place inside the barge where
operators interfaced with equipment to handle and control the transducer. Figure 86
gives a general layout of the barge interior where testing occurred.

Figure 86: Dimensions of the Dodge Pond test platform (NAVSEA, 2021)

Referring to Figure 86, in-water testing of the transducer took place in the main
test well located in the center of the barge’s interior space. The main test well is a 13 m
(42.5 ft.) long by 3 m (10 ft.) wide area of water. The transducer was mounted to a fixed
test shaft in the main test well which allowed for incremental rotation of the device (to
within an accuracy of 0.1 degrees) using computer control. Figure 87 shows a diagram
of the mounting flange that was used in conjunction with a shaft adaptor to secure the
transducer in its test position.
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Figure 87: Fixed test shaft mounting flange (NAVSEA, 2021)

A shaft adaptor was used to connect the transducer to the fixed positioner inner
shaft mounting flange (as depicted on the right-hand side of Figure 87). Figure 88 shows
the shaft adaptor used to connect the transducer to the mounting flange.

Figure 88: Shaft adaptor used to secure the transducer to the fixed test shaft mounting flange.
The image on the left-hand side is the upper portion of the shaft adaptor that mates with fixed
test shaft mounting flange. The image on the right-hand side is the lower portion of the shaft
adaptor that mates with the transducer interface block.
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It was desired to test the transducer positioned in both the horizontal and vertical
orientations, which required mounting a custom interface to the shaft adaptor. Figure 89
shows an aluminum block with tapped holes located between the shaft adaptor and the
transducer as the custom interface for mounting in the horizontal orientation.

Figure 89: Transducer mounted in the horizontal orientation. A custom interface block is located
between the shaft adaptor and the transducer.

In addition, a custom interface was required for connecting the shaft adaptor to
the transducer for mounting in the vertical direction. To accomplish this, a bracket was
fabricated with through holes for securing the transducer to the shaft adaptor in the
vertical orientation, as depicted in Figure 90.
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Figure 90: Transducer mounted in the vertical orientation. A custom interface bracket is located
between the shaft adaptor and the transducer.

It was desired to mount the transducer to the fixed test shaft to control the
rotation of the device for measurement of the horizontal and vertical acoustic radiation
patterns (or beam patterns) and frequency responses. Once the transducer was mounted
in the desired orientation, the fixed test shaft was lowered to a depth of 8.5 m (27 ft.) in
the main test well below the water surface where testing occurred. Figure 91 clarifies
the multimode transducer mounted in both the vertical and horizontal orientations inside
the main test well of the barge.
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Figure 91: Multimode transducer mounted to the fixed test shaft in both the vertical (top image)
and horizontal (bottom image) orientations inside the main test well of the barge. Diagram is not
drawn to scale.
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6.1.3

Test Equipment

Underwater acoustic testing of the transducer required a unique configuration of
equipment to demonstrate multimode directional radiation patterns. Before entering the
water, the 9-pin female connector at the end of a 50 ft. (15.2 m) neoprene cable was
greased and mated with the male connector mounted on the transducer. Then the cable
was routed up the shaft from the transducer through the water and connected to four
linearly matched Instruments Inc. L2 amplifiers. The exposed wires on the dry end of
the cable were paired to output channels of the amplifiers in accordance with the
transducer wiring diagram. Figure 92 shows the individual active segments in the ring
transducer stack paired together and routed to the output channels of the four amplifiers.

Figure 92: Active segment pairs wired from the ring transducer stack to the output channels of
four linearly matched amplifiers for excitation of higher order ring vibration modes.
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The output voltage and current from the amplifiers were monitored using two
four-channel LeCroy 9304A digital oscilloscopes. The magnitude of the voltage sent to
the amplifiers was manually controlled using four Daven T-693 network attenuators.
The attenuators have an analog user interface consisting of three knobs to control the
output voltage with variable precision (0.1X, 1X, and 10X) in terms of decibels (dB).
The combination of using the attenuators, amplifiers, and oscilloscopes allowed for
amplitude calibration of the output voltage prior to testing the transducer. The signals
sent to the transducer were controlled using two two-channel Agilent 33500B waveform
generators. The waveform generators were used to adjust the frequency and phase of a
1 Vrms voltage signal sent through the attenuators. An additional HP 3314 function
generator was used to send a square wave signal to manually trigger the waveform
generators on and off, as desired. Alternatively, the acoustic measurement system
(THAMES) at Dodge Pond was used to provide a trigger signal to enable the waveform
generators in the cases where the acoustic projector and receiver were required to be
synchronized in time. Figure 93 details the system configuration and equipment used to
test the multimode transducer.
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Figure 93: System configuration used to test the single crystal multimode transducer using the
acoustic measurement system (THAMES) at Dodge Pond

A U.S. Navy Underwater Sound Reference Division (USRD) H52 hydrophone
was provided by the Dodge Pond facility and used to measure the acoustic pressure
waves transmitted from the multimode transducer in-water. The H52 hydrophone is a 5
cm (2 in.) vertical line array of eight lithium sulfate crystals in an oil-filled boot sensitive
to acoustic frequencies in-water from 20 Hz – 150 kHz (Butler and Sherman, 2016).
The hydrophone was lowered 8.5 m (27 ft.) deep and positioned approximately 3.5 m
(11.5 ft.) from the multimode transducer in the main test well of the barge. A cable was
run from the hydrophone up its own mounting shaft to the THAMES acoustic
measurement system for monitoring the sound pressure level (SPL) in-water. Figure 94
shows an image of a USRD H52 reference hydrophone along with a typical free field
voltage sensitivity (FFVS) curve. The flat frequency response of the H52 hydrophone
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makes this receiver advantageous as a calibrated reference transducer (Butler and
Sherman, 2016). The following sections detail the types of tests that were performed
using this system configuration to both characterize the transducer and demonstrate
multimode directional beam patterns.

Figure 94: U.S. Navy (USRD) H52 reference hydrophone and typical free field voltage sensitivity
(FFVS) response (NAVSEA, 2021)

6.2

Transducer Frequency Response

Frequency response testing started by submerging both the multimode
transducer and H52 hydrophone 8.5 m (27 ft.) below the water surface and separating
them 3.5 m (11.5 ft.) from each other. Environmental conditions at Dodge Pond
throughout the test event consisted of an average water temperature of 7.4 °C (45.3 °F)
and an in-water sound speed of 1436 m/s (4711 ft./s). Frequency response testing began
with the multimode transducer mounted in the vertical orientation followed by mounting
it in the horizontal orientation. In both mounting configurations, the multimode
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transducer was excited by a 25 Vrms signal, and the frequency of the signal was swept
from 5 – 50 kHz using 100 Hz increments. Initial testing included measuring the
frequency response of the monopole mode, which required the use of one amplifier
supplied by THAMES to excite all active elements in the multimode transducer. The
signal used to excite the multimode transducer in the monopole mode consisted of a 20
ms pulse at four pulses per second (pps). Standard gated-pulse techniques were used to
make the measurements such that the receive signals were collected in the steady-state
region and gated to ensure no interference reflections appeared from either the water
surface or the bottom of the pond. To ensure both the transmitter and receiver were
aligned vertically in the water, the multimode transducer was pulsed at varying depths
until a peak voltage appeared from the H52 hydrophone. The frequency response test
consisted of simultaneous collection of the transducer impedance magnitude, phase, and
transmitting voltage response (TVR).

6.2.1

Impedance and Phase

To measure the impedance magnitude and phase, the 25 Vrms signal sent from
the amplifier was monitored over the frequency band and the electrical current from the
multimode transducer was collected. Figure 95 depicts the impedance magnitude and
phase measured in-water with the transducer mounted in the horizontal orientation
compared to the frequency response of the transducer measured in-air. It should be noted
that the in-air impedance magnitude and phase plotted in Figure 95 was collected from
the last measurement performed on the transducer after assembly.
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Figure 95: Impedance frequency sweep from 5 - 50 kHz for the transducer assembly (mounted in
the horizontal orientation) both in-air (red) and in-water (blue). The resonance frequency shifts
from 14.5 to 11.8 kHz after submerging the transducer assembly in-water.

The in-water impedance sweep in Figure 95 shows a significant dampening of
the monopole vibration mode when compared to the in-air frequency response.
Submerging the multimode transducer in-water adds radiation impedance, which acts
to dampen the impedance magnitude and phase, as well as shift the resonance frequency
of the monopole vibration mode to a lower frequency (Butler and Sherman, 2016). The
difference in the electrical characteristics of the transducer between in-air and in-water
loading conditions are summarized in Table 28.
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Table 28: Transducer measurements collected in-air and in-water.

Transducer Measurement

Cp @ 1 kHz (nF)

tanδ @ 1 kHz

fres
(kHz)

fanti
(kHz)

keff

In-Air @ Connector

24.5

0.009

14.5

24.0

0.80

In-Air @ Cable End

26.3

0.012

n/a

n/a

n/a

In-Water @ Cable End

24.5

0.015

11.8

23.9

0.87

Low frequency parallel capacitance and dielectric loss tangents were captured
using an HP 4192 impedance analyzer present at the acoustic test facility. Measurements
of the capacitance and loss were collected in-air at the connector pins as well as at the
end of the cable attached to the transducer. The capacitance and loss measurements were
again collected at the end of the cable once the transducer was submerged to its test
depth of 8.5 m (27 ft.). Attaching the cable to the connector of the transducer added 1.8
nF and 0.003 to both the parallel capacitance and dielectric loss tangent in-air,
respectively. Once the transducer was submerged to its test depth, the parallel
capacitance went down to 24.5 nF and the dielectric loss tangent went up to 0.015. One
of the more interesting observations made between the in-air and in-water loaded
frequency responses was the increase in the effective coupling coefficient of the
transducer. The increase in the effective coupling coefficient was primarily due to the
decrease in the resonance frequency while the anti-resonance frequency remained
relatively constant. This resulted in an increase in the effective coupling coefficient due
to a disproportional shift in the ratio of resonance to anti-resonance frequency 𝑓𝑟 ⁄𝑓𝑎
(see Equation 150). Figure 96 allowed for a closer inspection of the in-water impedance
sweep for the transducer mounted in the horizontal orientation. Note that the resonance
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and anti-resonance frequency were extracted from the transducer impedance magnitude
at the local minimum and maximum of the monopole vibration mode, respectively.

Figure 96: In-water impedance frequency sweeps from 5 - 50 kHz for the transducer assembly
mounted in the horizontal and vertical orientations.

Comparison of the impedance sweeps for the transducer mounted in the
horizontal and vertical orientations reveals a discrepancy between the two frequency
responses. The cause of this discrepancy is not directly known, but it is speculated that
the vertical mounting configuration may have induced an undesirable shift in the
frequency response. As previously shown in the transducer mounting section, securing
in the vertical orientation required the use of a custom interface bracket between the
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shaft adaptor and the transducer. There are a few possible explanations of the
discrepancy related to the transducer mounted in the vertical orientation using the
custom interface bracket. The first explanation of the discrepancy in the frequency
response was that it may have been induced by improperly securing the bolts mating the
transducer to the bracket. The second explanation of the discrepancy was that it could
have been from spurious resonances of the bracket itself contributing to the frequency
response of the transducer. The third explanation involves the bracket axially
compressing the transducer stack in a non-uniform manner. The bracket was mounted
to the end caps using one of four tapped holes on the top and bottom end caps. It was
believed that the asymmetric axial stress distribution induced from the custom interface
bracket was the most likely explanation for the difference between frequency responses
in the horizontal and vertical mounting orientations. It was also believed that the
horizontal mounting configuration produced an accurate representation of the
transducer frequency response since it did not add any undesired stress from external
mounting conditions. These explanations of the discrepancies between horizontal and
vertical mounting orientations can be extended to the results seen in the monopole TVR
of the transducer.

6.2.2

Transmitting Voltage Response

To measure the TVR, the transmitter and receiver were triggered simultaneously
at each frequency increment, and the hydrophone voltages produced from the acoustic
pressure waves in-water were collected. The receive voltages were then converted to
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the equivalent sound pressure level (SPL) in-water based on the hydrophone free field
voltage sensitivity (FFVS) calibration curve. The SPL was then extrapolated back to 1
meter and normalized to both 1 Vrms drive level and 1 μPa reference pressure to yield
the multimode transducer TVR.

Figure 97: Monopole transmitting voltage response (TVR) from 5 - 50 kHz for the multimode
transducer assembly mounted in the horizontal and vertical orientations.

In addition to the discrepancies identified in the impedance sweep of the
multimode transducer, one additional issue arises from the vertical mounting orientation
that contributes uniquely to the TVR. Unlike the impedance magnitude and phase, the
TVR is measured by the H52 hydrophone after the acoustic pressure wave has traveled
from the multimode transducer through the water medium. Closer inspection of the
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vertical mounting orientation in Figure 90 revealed a slight tilt in the transducer with
respect to the shaft adaptor. Ideally, the vertical mounting orientation would involve the
transducer mounted perpendicular to the shaft adaptor. This identified deviation from
the ideal condition is believed to be an additional contribution to the discrepancy seen
in the TVR between the horizontal and vertical mounting orientations. The magnitude
of the TVR at the resonance frequency was found to be 142.8 and 142.1 dB re μPa/V at
1 meter for the horizontal and vertical mounting orientations, respectively. The similar
TVR levels at resonance between the vertical and horizontal mounting orientations
indicate that there were no major issues with the depth alignment of the multimode
transducer relative to the H52 hydrophone. However, there was noticeable ripple seen
in the high frequency region of the horizontal and vertical TVR, which may have been
an artifact from the H52 hydrophone response or measurement system (THAMES) at
Dodge Pond. In a future effort, it would be desired to look into the cause of the high
frequency ripple in the TVR, as it is not critical to the objective of this investigation.
Although the frequency response results of the transducer mounted in the
vertical and horizontal orientations of the transducer did not match, it does not
significantly influence the objective of the in-water acoustic test. The purpose of the test
is to demonstrate multimode generated directional beam patterns with the transducer
mounted in the horizontal orientation. Measurement in the vertical orientation served
only to provide an additional level of insight into the directivity of the multimode
transducer. Since there was a sufficient level of confidence in the accuracy of the
frequency response for the multimode transducer mounted in the horizontal orientation,
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the beam patterns of the device could be characterized and interpreted with an
appropriate degree of precision.

6.3

Transducer Beam Patterns

In the following sections, results from directivity characterization tests for the
multimode transducer in both the vertical and horizontal mounting orientations are
presented. The horizontal mounting orientation was used to generate monopole, dipole,
and quadrupole beam patterns by exciting the transducer with uniform voltage
amplitude and appropriate phase shifting. Then by using the acoustic pressure amplitude
and phase received by the H52 hydrophone, a weighted voltage distribution was
calculated and applied to the multimode transducer to generate cardioid and narrow
cardioid directional responses over a wide band of discrete frequencies. Furthermore,
several other directional beam patterns generated by the multimode transducer are
presented to demonstrate additional capability of this device.

6.3.1

Vertical Beam Patterns

Before transitioning to the horizontal mounting orientation, both the frequency
response and beam patterns of the multimode transducer were measured in the vertical
orientation. The acoustic measurement system (THAMES) at Dodge Pond was used to
control the rotator speed of the test shaft to measure the beam pattern of the multimode
transducer at 1° increments. All four channels of the multimode transducer were driven
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equally with a 25 Vrms signal from 10 – 50 kHz with 10 kHz increments. The uniform
excitation of the multimode transducer generated a monopole vibration response in the
vertical plane. Figure 98 shows the beam patterns of the multimode transducer mounted
in the vertical direction and excited in the monopole vibration mode. As is conventional,
the radial divisions of the beam pattern plots are acoustic pressure amplitude converted
to units of decibels (dB) and the polar divisions are rotational increments in units of
degrees (°). The beam pattern plots are normalized to 0 dB on the main response axis
(MRA) at each frequency.
Figure 98 revealed that the multimode transducer mounted in the vertical
orientation had a nearly omnidirectional response in the lower frequency region between
10 – 20 kHz. When the transducer was excited at higher frequencies, the beam patterns
in the vertical plane became directional. The deviation from the omnidirectional
response was a function of the acoustic pressure wavelength. As the frequency increased,
the acoustic wavelength relative to the diameter of the segmented ring stack began to
diminish and created a directional response. In addition, the presence of the cable
attached to the transducer in the vertical mounting orientation may have reduced the
acoustic pressure levels received by the hydrophone in the higher frequency region and
caused a null at a particular rotational increment.
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Figure 98: Beam patterns measured from 10 - 50 kHz for the multimode transducer assembly mounted in the vertical orientation. All channels were
driven with equal voltage amplitude and phase. Radial divisions are in units of decibels (dB) and polar divisions are in units of degrees (°).

6.3.2

Horizontal Beam Patterns

After completing all frequency response and beam pattern testing in the vertical
orientation, the transducer was mounted in the horizontal orientation for the remainder
of in-water acoustic testing. The system configuration was re-aligned such that four
amplifiers were used to drive all four channels of the multimode transducer, rather than
using the single amplifier supplied by the THAMES acoustic measurement system.
Then by using a combination of two two-channel Agilent 33500B waveform generators,
four Daven T-693 network attenuators, four Instruments Inc. L2 amplifiers, and two
four-channel LeCroy 9304A digital oscilloscopes, the voltage amplitude and phase sent
to the multimode transducer was controlled and monitored.
Testing in the horizontal orientation began with measuring the monopole, dipole,
and quadrupole beam patterns of the multimode transducer. Table 29 depicts the drive
configurations used to excite the multimode transducer to produce monopole, dipole,
and quadrupole beam patterns.

Table 29: Drive configurations for generating omnidirectional (monopole), dipole, and
quadrupole beam patterns

Monopole
Voltage
Distribution
V1
V2
V3
V4

Dipole

Quadrupole

Voltage
(Vrms)

Phase
(°)

Voltage
(Vrms)

Phase
(°)

Voltage
(Vrms)

Phase
(°)

25
25
25
25

0
0
0
0

25
25
25
25

0
0
180
180

25
25
25
25

0
180
180
0
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To create the monopole response, all four channels of the multimode transducer
were driven in phase with equal voltage amplitude. To generate a dipole beam pattern,
channels three and four were driven out of phase with channels one and two of the
multimode transducer. Producing a quadrupole beam pattern required driving channels
two and three of the multimode transducer out of phase with channels one and four.
Each of these beam patterns was created over a frequency range from 10 – 50 kHz at 10
kHz increments. The resultant acoustic pressure amplitude produced by the multimode
transducer was monitored using an H52 hydrophone at each rotational increment of the
fixed shaft. The voltages produced by the H52 hydrophone were then collected by the
THAMES acoustic measurement system and converted to an equivalent sound pressure
level (SPL) in decibels (dB) by extrapolating back to 1 meter and using the reference
pressure in-water (1 μPa). Figure 99, Figure 100, and Figure 101 display the normalized
beam patterns for the multimode transducer driven in the monopole, dipole, and
quadrupole vibration modes at discrete frequencies between 10 – 50 kHz.
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Figure 99: Measured (red) versus ideal (black) monopole beam patterns from 10 - 50 kHz for the transducer assembly mounted in the horizontal orientation. All channels were driven with equal voltage amplitude and phase.
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Figure 100: Measured (red) versus ideal (black) dipole beam patterns from 10 - 50 kHz for the transducer assembly mounted in the horizontal orientation. All channels were driven with equal voltage amplitude. Channels 3 and 4 were driven 180° out of phase with Channels 1 and 2.
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Figure 101: Measured (red) versus ideal (black) quadrupole beam patterns from 10 - 50 kHz for the transducer assembly mounted in the horizontal
orientation. All channels were driven with equal voltage amplitude. Channels 2 and 3 were driven 180° out of phase with Channels 1 and 4.

As has been discussed throughout this text, ring transducers operating in the
fundamental extensional “breathing” mode produce omnidirectional (monopole) beam
patterns. In receiver applications, the omnidirectional mode of a ring transducer acts as
a scalar sensor, meaning it is sensitive to acoustic pressure waves from all directions
(Butler and Sherman, 2016). In projector applications, the omnidirectional mode of a
ring transducer is formed by applying electric field to produce uniform radial
extensional vibrations (Butler and Sherman, 2016). In an ideal case, the omnidirectional
beam pattern has 360° coverage with no deviation from its uniform response. The
measured beam pattern results presented in Figure 99 show that the omnidirectional
response of the multimode transducer was maintained over the 10 – 50 kHz frequency
band. Table 30 details a statistical analysis performed for the monopole beam patterns,
which reveals that its response was most uniform around 20 kHz. At lower and higher
frequencies, the range of acoustic pressure amplitude values increases and the standard
deviation exceeds 1 dB, indicating a larger degree of variability in the response. Various
construction related aspects influence the uniformity of the monopole beam pattern, and
deviations from the ideal case can be attributed to the level of error introduced at each
step in the transducer manufacturing process. It was believed that stacking the individual
rings by hand introduced the largest degree of error into the transducer build. If the rings
are not concentrically stacked around the cylindrical axis, then the resultant offset
between each ring may contribute to the deviation of the omnidirectional beam pattern
response from the ideal case. The ability to form a directional response using higher
order modes depends on the degree of precision achieved for the base set of beam
patterns to be superimposed. Although there was some deviation from the ideal
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omnidirectional response over this frequency range, the beam patterns demonstrated
good quality and did not significantly impact the ability of the transducer to produce
directional beam patterns.

Table 30: Statistics for normalized monopole beam patterns between 10 - 50 kHz

Frequency
(kHz)

Minimum
(dB)

Maximum
(dB)

Mean
(dB)

Std. Dev.
(dB)

10
20
30
40
50

-2.8
-2.1
-1.9
-3.1
-3.1

1.7
0.7
2.3
3.2
1.9

-0.4
-0.4
0.4
0.8
-0.4

1.3
0.8
0.8
1.2
1.2

One of the most commonly used higher order vibration modes in underwater
acoustic projector and receiver applications is the dipole mode, which has a figure-eight
directional response. In receiver applications, the dipole mode can be combined with
the omnidirectional mode to obtain directional information from an incident pressure
wave (Butler and Sherman, 2016). In projector applications, the dipole mode can be
weighted and added to the omnidirectional mode to produce cardioid-type beam patterns
(Butler and Sherman, 2016). In an ideal case, each lobe of the dipole beam pattern has
a constant -3 dB down beam width of 90° with nulls perpendicular to the axis of the
lobes. The measured beam pattern results presented in Figure 100 showed that the dipole
response maintained its shape for a wide range of frequencies. An analysis was
performed on the dipole mode beam patterns to calculate the -3 dB down beam widths
of the front and rear lobes, and the results are presented in Table 31. Based on the results
of the analysis, the beam patterns produced in the 20 – 30 kHz range had the closest
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beam widths when compared to an ideal dipole. This observation also suggested that
the resonance of the multimode transducer while operating in the dipole mode might lie
within the 20 – 30 kHz frequency range. Note that the -3 dB beam width of the dipole
pattern was not reported for the 10 kHz case where the pressure amplitude values of the
rear lobe were lower than -3 dB. After completing the set of dipole beam patterns, the
main response axis of the multimode transducer had been established and aligned to the
H52 hydrophone. Therefore, the multimode transducer was able to remain stationary in
its depth and rotational position for the remainder of directional beam pattern testing.

Table 31: Dipole beam widths for the front and rear lobes between 10 - 50 kHz

Frequency
(kHz)

Front Lobe

Rear Lobe

BW (°)

BW (°)

10
20
30
40
50

86
79
80
71
30

n/a
69
75
11
27

The next beam pattern that was tested from the multimode transducer was the
quadrupole mode. The quadrupole mode resulted in two dipole shaped beam patterns
spatially orthogonal to one another. In receiver applications, the quadrupole mode is
sensitive to the cross gradient of the dipole mode and has been termed a dyadic sensor
(Butler and Sherman, 2016). In acoustic projector applications, the quadrupole mode
has been used to achieve narrower directional beam patterns with better front-to-back
ratios (Butler and Sherman, 2016). In the ideal case, each lobe of the quadrupole pattern
has a 45° beam width with nulls separated 90° apart. The measured beam pattern results
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in Figure 101 showed that quadrupole response maintained its shape in the higher
frequency range, suggesting that its resonance may lie between 30 – 40 kHz. In the
lower frequency range, the front and rear lobes were not fully formed, as shown in Table
32 for the 10 – 20 kHz values. In the next section, the monopole, dipole, and quadrupole
results obtained from testing the multimode transducer in the horizontal mounting
orientation are used to calculate the voltage distribution required to generate directional
beam patterns.

Table 32: Quadrupole beam widths for the front, right, rear, and left lobes between 10 - 50 kHz

Frequency
(kHz)
10
20
30
40
50

6.3.3

Front Lobe

Right Lobe

Rear Lobe

Left Lobe

BW (°)

BW (°)

BW (°)

BW (°)

30
35
35
54
69

104
84
41
47
66

42
84
30
54
75

107
92
46
51
73

Directional Beam Patterns

A number of directional beam patterns synthesized from the superposition of
higher order vibration modes can be formed with proper weighting and voltage
distribution. This section details two types of directional beam patterns – classical
cardioid and narrow cardioid beam patterns – formed from monopole, dipole, and
quadrupole acoustic pressure contributions. The classical cardioid beam pattern
demonstrates the ability of the multimode transducer to produce a directional response
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using monopole and dipole vibration modes. The narrow cardioid beam pattern extends
the demonstration to evaluate the contribution of the quadrupole vibration mode to the
directional response. Results obtained from testing classical cardioid and narrow
cardioid beam patterns were compared to ideal characteristics and evaluated by
associating the base set of vibration modes to the directional response at each frequency.
Directional beam patterns required an equivalent system configuration to the one
used to create the monopole, dipole, and quadrupole responses. However, in order to
generate a directional response from the multimode transducer, a weighted voltage
distribution was required. The sound pressure level (SPL) and acoustic phase produced
by the multimode transducer were needed to calculate the weighted voltage distribution
for a given directional beam pattern. Table 33 lists the SPL and acoustic phase obtained
at discrete frequencies on the MRA of the multimode transducer during testing. Note
that the SPL and acoustic phase on the MRA were measured at two additional
frequencies (25 and 35 kHz) to evaluate the directional response of the multimode
transducer with increased resolution.
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Table 33: Sound pressure level (SPL) and acoustic phase on MRA for the multimode transducer excited at 25 V rms measured between 10 – 50 kHz

Frequency
(kHz)
10
20
25
30
35
40
50

Monopole

Dipole

Quadrupole

SPL
(dB//μPa @ 1m)

Phase
(°)

SPL
(dB//μPa @ 1m)

Phase
(°)

SPL
(dB//μPa @ 1m)

Phase
(°)

163
167
168
167
169
161
156

36
-162
56
7
-42
156
106

152
174
174
174
172
174
178

135
-49
137
37
13
-130
27

141
148
157
168
177
180
172

-107
56
-32
-139
148
-71
21
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The decision to add more frequency resolution in the directional beam patterns
occurred after observing the monopole, dipole, and quadrupole responses at 30 kHz. At
30 kHz, the SPL of the monopole, dipole, and quadrupole on the MRA of the multimode
transducer appeared to be close in magnitude. Therefore, two additional frequencies (25
and 35 kHz) were added around 30 kHz to evaluate the classical cardioid and narrow
cardioids with increased resolution. Figure 102 depicts the SPL and acoustic phase
presented in Table 33 in a graphical format.

Figure 102: Sound pressure level (SPL) and acoustic phase (with no phase reversal) for the multimode transducer excited at 25 Vrms measured between 10 - 50 kHz

The acoustic phase for the quadrupole mode in Figure 102 reveals an out of
phase relationship with the monopole and dipole modes. Future calculation of the
weighted voltage distribution could add an additional step to apply a 180° phase reversal
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to the acoustic phase of the quadrupole mode to allow for direct addition of the vibration
modes (Butler, Butler, and Rice, 2004). Figure 103 depicts the acoustic phase of the
quadrupole mode with a 180° phase reversal applied.

Figure 103: Sound pressure level (SPL) and acoustic phase (with 180° phase reversal) for the multimode transducer excited at 25 Vrms measured between 10 - 50 kHz

Notice the acoustic phase relationship of the quadrupole mode compared to the
monopole and dipole modes after applying the 180° phase reversal. At low frequencies,
the quadrupole mode leads the dipole mode by ~90° and the dipole mode leads the
monopole mode by ~90°. Again, this phase reversal was not implemented in the
calculation of the weighted voltage distribution and the information presented here
serves only to inform the reader of an additional step that could be taken to potentially
improve the directional response of the multimode transducer in the future.
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Table 34 and Table 35 detail the manipulation of the calculated voltage
distribution to arrive at the relative distribution. In practice, the relative voltage
distribution is implemented by calibrating the attenuation of the waveform generator
before signal amplification. During the test, the actual voltage distribution applied to
the multimode transducer approximated the relative distribution based on a couple of
limiting factors. The first limiting factor in the ability of the amplifiers to output the
desired voltage was due to the precision of the attenuators used to calibrate the voltage
distribution. The attenuators only had the ability to reduce the voltage in three different
precision increments: 0.1, 1.0, and 10 dB. The second limiting factor was that oftentimes
the amplifiers exceeded current limits based on applied voltage magnitudes and device
input impedances, which required an additional step to scale down the relative
distribution based on achievable voltage levels for a particular faulty channel. However,
in most cases the actual voltage distribution applied to the multimode transducer
approached the relative distribution reported in Table 34 and Table 35. Cases where the
actual voltage distribution deviated from the relative distribution were not recorded and
are therefore omitted in Table 34 and Table 35. Using the multimode implementation
methodology described in Chapter 3, relative voltage distributions were applied to the
multimode transducer to yield directional beam patterns. Figure 104 and Figure 105
depict the classical cardioid and narrow cardioid beam patterns produced by the
multimode transducer between 10 – 50 kHz.
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Table 34: Voltage distribution for classical cardioid beam patterns between 10 – 50 kHz

Calculated Distribution

Normalized Distribution

Scaled Distribution

Relative Distribution

Voltage
Distribution

Magnitude

Phase (°)

Magnitude

Phase (°)

10

0.65
0.65
0.71
0.71

-120
-120
31
31

1
1
1.08
1.08

0
0
151
151

0
0
151
151

Voltage (Vrms)
23
23
25
25

Phase (°)

V1
V2
V3
V4

Voltage (Vrms)
25
25
27
27

Phase (°)

20

V1
V2
V3
V4

0.10
0.10
0.13
0.13

135
135
-179
-179

1
1
1.35
1.35

0
0
-314
-314

25
25
34
34

0
0
-314
-314

18
18
25
25

0
0
46
46

25

V1
V2
V3
V4

0.12
0.12
0.11
0.11

-80
-80
-29
-29

1
1
0.88
0.88

0
0
51
51

25
25
22
22

0
0
51
51

25
25
22
22

0
0
51
51

30

V1
V2
V3
V4

0.16
0.16
0.08
0.08

-15
-15
14
14

1
1
0.47
0.47

0
0
30
30

25
25
12
12

0
0
30
30

25
25
12
12

0
0
30
30

35

V1
V2
V3
V4

0.14
0.14
0.07
0.07

19
19
90
90

1
1.00
0.54
0.54

0
0
71
71

25
25
13
13

0
0
71
71

25
25
13
13

0
0
71
71

40

V1
V2
V3
V4

0.23
0.23
0.21
0.21

-168
-168
-143
-143

1
1.00
0.89
0.89

0
0
25
25

25
25
22
22

0
0
25
25

25
25
22
22

0
0
25
25

50

V1
V2
V3
V4

0.39
0.39
0.38
0.38

-102
-102
-111
-111

1
1.00
0.97
0.97

0
0
-9
-9

25
25
24
24

0
0
-9
-9

25
25
24
24

0
0
-9
-9
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Frequency
(kHz)

0
0
151
151

Table 35: Voltage distribution for narrow cardioid beam patterns between 10 – 50 kHz

Calculated Distribution

Normalized Distribution

Frequency
(kHz)

Voltage
Distribution

Magnitude

Phase (°)

Magnitude

Phase (°)

10

V1
V2
V3
V4

1.92
2.79
2.24
2.57

121
-83
-55
92

1
1
1.17
1.34

20

V1
V2
V3
V4

0.91
1.10
1.09
0.94

-57
125
130
-63

25

V1
V2
V3
V4

0.34
0.43
0.33
0.43

30

V1
V2
V3
V4

Scaled Distribution

1
1
1.19
1.04

0
182
187
-6

12
-133
-131
19

1
1
0.96
1.27

0.09
0.26
0.16
0.08

15
-25
-17
90

35

V1
V2
V3
V4

0.10
0.17
0.10
0.06

40

V1
V2
V3
V4

50

V1
V2
V3
V4
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Phase (°)

0
-204
-177
-30

Voltage (Vrms)
25
36
29
33

Relative Distribution
Phase (°)

0
-204
-177
-30

Voltage (Vrms)
17
25
20
23

25
30
30
26

0
182
187
-6

21
25
25
21

0
-178
-173
-6

0
-145
-144
7

25
31
24
32

0
-145
-144
7

20
25
19
25

0
-145
-144
7

1
3
1.83
0.99

0
-40
-32
76

25
75
46
25

0
-40
-32
76

8
25
15
8

0
-40
-32
76

14
21
72
118

1
1.67
0.94
0.61

0
7
58
104

25
42
24
15

0
7
58
104

15
25
14
9

0
7
58
104

0.22
0.25
0.23
0.19

-173
-163
-139
-147

1
1.12
1.04
0.84

0
11
34
26

25
28
26
21

0
11
34
26

22
25
23
19

0
11
34
26

0.41
0.39
0.39
0.39

-93
-111
-120
-101

1
0.95
0.95
0.95

0
-17
-27
-8

25
24
24
24

0
-17
-27
-8

25
24
24
24

0
-17
-27
-8

0
156
-177
-30
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Figure 104: Measured (red) versus ideal (black) classical cardioid beam patterns from 10 - 50 kHz for the transducer assembly mounted in the horizontal orientation.
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Figure 105: Measured (red) versus ideal (black) narrow cardioid beam patterns measured from 10 - 50 kHz for the transducer assembly mounted in the
horizontal orientation.

The classical cardioid beam pattern was formed by combining the monopole and
dipole responses from the multimode transducer to generate a uni-directional beam
pattern. In the ideal case, the classical cardioid beam pattern has a -3 dB beam width of
131°, is 6 dB down on the axis perpendicular to the MRA, and has a null at 180° (Butler
and Sherman, 2016). The measured results in Figure 104 show that the multimode
transducer achieved the general shape of a classical cardioid beam pattern between 30
– 35 kHz. Table 36 details an analysis that was performed on the measured results and
compares to ideal characteristics to provide additional insight for the classical cardioid
response of the multimode transducer. One of the primary features of the classical
cardioid beam pattern is its ability to form a null at 180°. The measured front-to-back
ratios (F2B) of the classical cardioid beam patterns revealed that the largest nulls formed
were between 30 – 35 kHz. In addition, measured values of the -3 dB beam width
indicated that the classical cardioid beam patterns were closest to the ideal case of 131°
around 20 kHz and 30 – 35 kHz. Between 20 – 30 kHz, the levels at 90° (90L) and 270°
(270L) closely matched the ideal case of -6 dB. In general, the ability of the multimode
transducer to generate directional beam patterns by combining monopole and dipole
responses was demonstrated and showed characteristics close to that of an ideal classical
cardioid between 20 – 35 kHz.

252

Table 36: Measured versus ideal classical cardioid beam pattern characteristics

Frequency
(kHz)

BW
(°)

F2B
(dB)

90L
(dB)

270L
(dB)

10
20
25
30
35
40
50

175
124
84
113
105
86
98

-3
-7
-9
-19
-15
-5
-5

-4
-7
-9
-7
-12
-1
-1

-3
-6
-7
-5
-9
-3
0

Ideal

131

Null

-6

-6

The next directional beam pattern that was generated from the multimode
transducer was the narrow cardioid, which resulted from superimposing the quadrupole
mode with both the monopole and dipole modes. In the ideal case, the narrow cardioid
beam pattern has a -3 dB beam width of 72°, two nulls at both 90° and 270°, and a frontto-back ratio of -10 dB. The results in Figure 105 showed that the narrow cardioid
closely matched the ideal shape between 30 – 35 kHz. Table 37 details an analysis that
was performed on the measured results and compares to ideal characteristics to provide
additional insight on the narrow cardioid response of the multimode transducer.
Interestingly, the measured narrow cardioid beam width matched well with the ideal
case between 25 – 40 kHz. In addition, measured values of the front-to-back ratio
revealed a perfect match to the ideal case at 30 kHz. The largest nulls formed at 90° and
270° from the measured narrow cardioid beam patterns appeared between 30 – 35 kHz.
In general, the ability of the multimode transducer to generate directional beam patterns
by combining the quadrupole response to the monopole and dipole responses was
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demonstrated and showed characteristics close to that of an ideal narrow cardioid
between 30 – 35 kHz.

Table 37: Measured versus ideal narrow cardioid beam pattern characteristics

6.3.4

Frequency
(kHz)

BW
(°)

F2B
(dB)

90L
(dB)

270L
(dB)

10
20
25
30
35
40
50

136
87
62
72
76
79
59

-1
-1
-20
-10
-7
-5
-3

-5
-13
-7
-26
-17
-5
-3

-3
-10
-8
-19
-21
-8
-4

Ideal

72

-10

Null

Null

Other Directional Beam Patterns

From the analysis of both the classical cardioid and narrow cardioid beam
patterns, it can be seen that the closest match to their ideal responses occurred around
30 kHz. This gave an indication that the multimode transducer may be able to form other
types of directional beam patterns of good quality at this particular frequency. Therefore,
an approach was taken to measure additional directional beam patterns from the
multimode transducer at 30 kHz and compare with ideal characteristics. The monopole,
dipole, and quadrupole SPL and acoustic phase measured on the MRA of the multimode
transducer at 30 kHz were used as input to calculate the weighted voltage distribution.
Then by applying dipole and quadrupole weighting coefficients for additional
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directional responses of interest, voltage distributions were calculated for super cardioid,
hyper cardioid, classical narrow cardioid, wide cardioid, and quadrant beam patterns at
30 kHz. The results of the voltage distribution calculation are presented in Table 39, and
the particular dipole (A) and quadrupole (B) weighting coefficients used to generate
these additional directional responses are detailed in both Figure 106 and Table 38.
A number of interesting directional responses were generated at 30 kHz by
applying different dipole (A) and quadrupole (B) weighting coefficients to the voltage
distribution calculation. Figure 106 shows the shape of the directional beam patterns on
polar plots, which show good agreement with their ideal responses. Note that both the
super cardioid and hyper cardioid were formed using only the monopole and dipole
modes and the classical narrow cardioid, wide cardioid, and quadrant beam patterns
required the addition of the quadrupole mode. Table 38 supports the graphical
comparison by presenting characteristics of the measured and ideal directional beam
patterns. At this particular frequency, almost all of the measured characteristics closely
matched those of the ideal directional beam patterns. The proximity of the beam pattern
characteristics to the ideal case at this particular frequency indicated that the multimode
transducer was best operated in directional modes around 30 kHz. The ability of the
transducer to form a variety of directional beam patterns and closely approximate their
ideal characteristics validated the implementation of the voltage distribution calculation
and the multimode projector concept.
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Table 38: Measured versus ideal characteristics for several directional beam patterns

Ideal
Directional Mode

A

B

Super Cardioid

1.7

Hyper Cardioid

Measured

BW
(°)

F2B
(dB)

90L
(dB)

270L
(dB)

BW
(°)

F2B
(dB)

90L
(dB)

270L
(dB)

0

115

12

9

9

100

11

9

7

3

0

105

6

12

12

96

7

11

9

Classical Narrow Cardioid

2

1

76

0

0

0

74

17

21

17

Wide Cardioid

0.67

-0.33

229

0

0

0

207

12

0

1

Quadrant

1

0.414

90

15

12

12

85

14

12

10
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Table 39: Voltage distributions for super cardioid, hyper cardioid, classical narrow cardioid, wide cardioid, and quadrant directional beam patterns at
30 kHz

Directional Mode

Voltage
Distribution
V1
V2
V3
V4

Calculated Distribution
Phase (°)
Magnitude

Normalized Distribution
Phase (°)
Magnitude

Scaled Distribution
Phase (°)
Voltage (Vrms)
0
25
0
25
62
8
62
8

Relative Distribution
Phase (°)
Voltage (Vrms)
0
25
0
25
62
8
62
8

0.20
0.20
0.06
0.06

-19
-19
42
42

1
1
0.31
0.31

0
0
62
62

Hyper Cardioid

V1
V2
V3
V4

0.26
0.26
0.08
0.08

-24
-24
96
96

1
1
0.31
0.31

0
0
120
120

25
25
8
8

0
0
120
120

25
25
8
8

0
0
120
120

Classical
Narrow Cardioid

V1
V2
V3
V4

0.12
0.31
0.11
0.12

-4
-27
-8
110

1
2.47
0.87
0.99

0
-23
-3
115

25
62
22
25

0
-23
-3
115

10
25
9
10

0
-23
-3
115

Wide Cardioid

V1
V2
V3
V4

0.18
0.12
0.07
0.11

-18
-5
26
-7

1
0.67
0.40
0.64

0
13
44
11

25
17
10
16

0
13
44
11

25
17
10
16

0
13
44
11

Quadrant

V1
V2
V3
V4

0.13
0.20
0.11
0.06

-7
-20
-4
47

1
1.58
0.83
0.50

0
-13
3
54

25
39
21
12

0
-13
3
54

16
25
13
8

0
-13
3
54

Super Cardioid
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Figure 106: Measured (red) versus ideal (black) super cardioid, hyper cardioid, classical narrow cardioid, wide cardioid, and quadrant beam patterns
at 30 kHz for the transducer assembly mounted in the horizontal orientation. Dipole (A) and quadrupole (B) weighting coefficients for each beam pattern are shown above their respective polar plot.

CHAPTER 7

CONCLUSIONS

7.1

Summary

The overarching goal of this research project was to model, design, build, and
test a multimode transducer using piezoelectric single crystals to investigate the
frequency range of directional acoustic radiation patterns produced in-water. To
accomplish this objective, an active-passive segmented ring was selected as the
transducer design candidate for integrating single crystal into a device capable of
multimode operation. Then, in order to exploit the potential frequency bandwidth of the
device, the effective electromechanical coupling coefficient of the segmented ring
transducer was maximized by choosing a compatible passive material that paired well
with single crystal. The design of the segmented ring was carried forward into
construction, where a number of steps were taken to carefully prepare the transducer for
operation in-water. In the transducer construction section of this report, the single crystal
material was received from the manufacturer and evaluated based on a set of criteria
that allowed for designation of individual segments into specific ring allocations. Each
of the segmented rings were then cemented together, electroded, sectioned, and prestressed with fiber wrapping to prepare for transducer assembly. The segmented rings
were then stacked vertically, wired in parallel, encapsulated in a transducer housing,
and dielectrically insulated in preparation for in-water testing. Once the transducer was
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fully constructed, it was taken to the NUWC Division Newport – Dodge Pond Acoustic
Measurement Facility for in-water acoustic testing. The transducer underwent
frequency response testing between 5 – 50 kHz, where the high bandwidth capability of
the device was confirmed through calculation of an effective electromechanical
coupling coefficient in excess of 0.80. Lastly, directional acoustic radiation patterns
were synthesized in-water by superimposing monopole, dipole, and quadrupole
vibration modes simultaneously. Weighted voltage distributions were implemented over
the active material in the multimode transducer to evaluate classical cardioid and narrow
cardioid directional beam patterns between 10 – 50 kHz. Through in-water testing it was
shown that classical cardioid and narrow cardioid beam patterns could be well formed
around 30 kHz, with modest directivity between 20 – 35 kHz. In addition, the
demonstration of several additional directional beam patterns at 30 kHz revealed both
the capability and potential versatility of this multimode transducer within the 20 – 35
kHz frequency band.

7.2

Reflection

To augment the design, build, and test approach used to demonstrate the
frequency bandwidth of a single crystal multimode transducer, analytical and finite
element modeling methods were employed. Analytical modeling assisted in the design
of the transducer as well as in the validation of the finite element model. The finite
element model of the transducer was leveraged to simulate the frequency response and
beam patterns of the transducer under in-vacuum (in-air) and in-water loading
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conditions. However, throughout this research, a larger emphasis was placed on
physically testing the transducer to obtain the desired results rather than employing the
finite element model to acquire simulated results. This poses the question of whether
the design, build, and test approach was the most effective methodology to follow versus
the modeling and simulation technique. In retrospect, modeling and simulation may
have been able to provide more insight to the frequency response and beam patterns of
the single crystal multimode transducer. Using the finite element model, directional
beam patterns could have been created with increased frequency resolution, leading to
a more comprehensive understanding of the operational bandwidth. From a cost
perspective, modeling and simulation may have been a more advantageous route to
explore since many of the results obtained from physically testing the transducer inwater were readily obtainable from the finite element model. The design, build, and test
approach, however, circumvents some of the disadvantageous presented when
attempting to model and simulate piezoelectric transducers. One of the drawbacks of
simulating piezoelectric devices using analytical or finite element methods are their
reliance on the accuracy of the material properties provided in the specification sheet
from the manufacturer. Therefore, serious caution needs to be taken when interpreting
the results obtained from a simulation of a piezoelectric device, since they may not
always be completely accurate. True credibility of simulated results arises once they are
validated against experimentally collected metrics. In this regard, the results presented
in this research standout. By physically constructing a segmented ring transducer and
comparing its frequency response to simulated results from analytical and finite element
modeling, the design was validated and the measured data could be evaluated with
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increased confidence. Although this approach was both cost and labor intensive, it was
nonetheless an effective method in answering the proposed research question.

7.3

Limitations

People, money, material, and time are aspects that comprise some of the primary
limiting factors that constrained this research effort. At the beginning of this project
many aspects of designing, constructing and testing a physical transducer were
unknown. Therefore, the knowledge of various personnel became critical to the overall
success of this research. It is sometimes said that the construction of underwater acoustic
transducers is a “black art”, meaning that many of the techniques and methods of
building these devices is understood by only a select group of people. This saying ringed
true throughout the duration of the project, as its success depended on the availability
of others to source important information for progress to be made in areas of uncertainty.
With regards to money, a generous investment was awarded for costs associated with
labor, materials, and services, however, unforeseen issues resulted in additional costs
that were unable to be covered by the allotments designated for this research. Many
aspects of the transducer construction required workarounds to preconceived methods,
which resulted in some innovative thinking and resourcing. With regards to material,
the single crystal order placed through the manufacturer did not meet the proposed
specification, but was accepted in order to meet project deadlines. In an ideal scenario,
additional scrutiny would be imposed in an effort to meet the material specification
proposed to the manufacturer; however, this project was not afforded this luxury. Lastly,
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time was an important factor that was closely monitored throughout the duration of this
research project. An aggressive schedule was developed to model, simulate, design,
build, and test a single crystal multimode transducer within the timeframe of one year.
Although the schedule was met on time, a number of questions remain unanswered, and
are instead left as additional areas for future investigation.

7.4

Practical Implementation / Use Suggestions

There are a number of recommendations for practical implementation and use
suggestions that spawn as a result of this work. In order to practically implement the
multimode transducer within its application space, the ability to control the frequency
and calibrate the voltage distribution from four separate linearly matched amplifiers is
required. If steering the directional beam pattern along the horizontal plane were desired,
the ability to increment the voltage distribution over the amplifier channels would also
be required. Installation on an underwater platform would need the ability to generate
high output power so considerable distances could be achieved without significant
acoustic attenuation. The device itself may also need to be able to survive in harsh
oceanic conditions, which would require resistance to corrosion and the ability to
withstand deep water and a range of operational temperatures without degradation in
performance. This creates an engineering challenge, but the application space in which
the device is used can be tailored to hold some of these practical considerations within
realizable limits. General use of this device lies in application areas that require an
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underwater transducer that is small and lightweight with the ability to transmit
directional acoustics.

7.5

Future Research

Future research considerations from this work may look into refining modeling
and simulation aspects to investigate the operational frequency bandwidth with
increased resolution. Now that the response of the single crystal multimode transducer
is understood over a wide bandwidth, it would be interesting to narrow the investigation
to the frequency range where directional beam patterns could accurately be generated.
Knowledge of the dipole and quadrupole resonance frequencies for the physically
constructed multimode transducer would aid in a more tailored approach to testing the
operational frequency bandwidth. The “big picture” evaluation of the multimode
transducer conducted in this research gave an indication of frequency regions that
cannot form directional beam patterns. Regions where the multimode transducer is
unable to form directional beam patterns may correspond to discrepancies in the
frequency response from the dipole and quadrupole modes, which were not measured
in the underwater acoustic test portion of this research project due to system
configuration issues and time constraints. Therefore, any future endeavors that may
spawn from the results demonstrated in this research should require the measurement of
both the dipole and quadrupole frequency responses in order to provide an additional
level of insight within this area of concern.
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7.6

Contributions

This research addresses an area in the field of underwater acoustic transducers
that has received little attention. To date, there has been only one known demonstration
of piezoelectric single crystals in a device capable of multimode operation. In that
previous demonstration, the device used to investigate piezoelectric single crystals was
a relatively complex transducer design that used an older composition of the material.
Since that time, there have been advances in the manufacturing of piezoelectric single
crystals that have yielded newer generations and improved material properties, which
have the ability to simplify their integration and enhance the performance of sonar
transducers. This research leverages a newer generation of piezoelectric single crystals
and provides an avenue for integrating them into a simple transducer design capable of
multimode operation. The inclusion of piezoelectric single crystals in an active-passive
segmented ring transducer to perform multimode operation was previously unexplored
and this study investigated their efficacy in this design. This demonstration of
piezoelectric single crystals in a multimode transducer contributes to the field of
underwater acoustics by addressing needs in application areas that require compact
devices with the ability to form directional beam patterns over a wide frequency
bandwidth.
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APPENDIX A
PIEZOELECTRIC MATERIAL PROPERTIES

Table 40: Comparison of piezoelectric material properties. The dielectric permittivity of a
vacuum 𝜺𝟎 = 𝟖. 𝟖𝟓 × 𝟏𝟎−𝟏𝟐 𝐅/𝐦. The rhombohedral to tetragonal phase transition temperature
𝑻𝑹𝑻 causes a change in material properties. The Curie temperature 𝑻𝑪 is the temperature at
which the piezoelectric material is completely depolarized (Wilson, 1985; Sun and Cao, 2014;
Butler and Sherman, 2016).

Material
Property
𝜌 (kg/m3)
tan 𝛿
𝑇𝑅𝑇 (°C)
𝑇𝐶 (°C)
𝐸
𝑠11
𝐸
𝑠22
𝐸
𝑠33
𝐸
𝑠12
𝐸
𝑠13
𝐸
𝑠23
𝐸
𝑠44
𝐸
𝑠55
𝐸
𝑠66

𝑑31
𝑑32
𝑑33
𝑑24

PZT-4

24%PIN-PMN-PT
[001] poled

7500
8122
0.004
0.005
n/a
125
330
180
Piezoelectric Compliance Coefficient (10-12 m2/N)
12.3
45.8
12.3
15.5
-4.05
-5.31
-5.31
39.0

45.8
49.0
-19.6
-23.2
-23.2
14.3

39.0
14.3
32.7
16.1
Piezoelectric Strain Coefficient (10-12 m/V or C/N)
-123
-646
-123
-646
289
1285

𝑇 (𝜀 )
𝜀11
0
𝑇 (𝜀 )
𝜀22 0
𝑇 (𝜀 )
𝜀33
0

496
122
496
122
Free Dielectric Permittivity Constant (F/m)
1475
1728
1475
1728
1300
4753

𝑘31
𝑘32
𝑘33
𝑘24
𝑘15

Electromechanical Coupling Coefficient
0.33
0.46
0.33
0.46
0.70
0.89
0.71
0.26
0.71
0.26

𝑑15

24%PIN-PMN-PT
[011] poled
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8122
0.005
125
180
15.7
59.1
34.3
-24.4
14.6
-40.1
14.8
149.3
20.5
488
-1196
922
106
2373
5028
1273
3613
0.69
0.87
0.88
0.26
0.92

APPENDIX B
INACTIVE MATERIAL PROPERTIES

Table 41: Commonly used inactive materials in transducers (Butler and Sherman, 2016)

Materials

Young’s
Modulus
(GPa)

Density
(kg/m3)

Sound
Speed
(m/s)

Specific
Impedance
(Mrayls)

Tungsten

362

19350

4325

83.7

Nickel

210

8800

4885

43.0

Carbon Steel

207

7860

5132

40.3

Stainless Steel

193

7900

4943

39.0

Alumina

300

3900

9017

33.3

Beryllium Cu

125

8200

3904

32.0

Beryllia, BeO

345

2850

11002

31.4

Brass

104

8500

3498

29.7

Ferrite

140

4800

5401

25.9

Titanium

104

4500

4807

21.6

AlBeMet

200

2100

9759

20.5

Aluminum

71

2700

5128

13.8

Lead

17

11300

1208

13.7

Macor

67

2520

5152

13.0

Magnesium

45

1770

5031

8.9

Lucite

4

1200

1826

2.2
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